
















PROPPANT PLACEMENT IN LOW-VISCOSITY  




























Tyrel R. Woodworth 
ABSTRACT 
 
 Low-viscosity slickwater treatments have become a very popular hydraulic 
fracturing technique in many low-permeability reservoirs around the United States, 
especially in the Rocky Mountain region.  Two of the main reasons slickwater is used in 
many tight gas sand operations is because it is cheap and effective.  The cost of pumping 
a slickwater job is a fraction of an equal sized cross-linked gel treatment.  Also, wells 
treated with the low-viscosity slickwater often produce better results than offset wells 
treated with cross-linked fluids.   
 Theoretically, proppant transport is poor in low-viscosity slickwater type fluids.  
Improving proppant transport capabilities of slickwater would be beneficial to many 
operators if the cost or performance is not endangered.  Using the same thin fluid but 
altering pump designs and schedules would prove useful in improving the transport 
capabilities of slickwater fracturing technology.  Improved proppant transport would 
result in longer propped fracture half-lengths and more favorable conductivity.  It may 
also assist in avoiding screen out situations where pumping is ceased due to exceeding 
maximum treating pressure. 
 Previous laboratory experiments, performed as part of the STIM-LAB, Inc.’s 
Proppant Consortium, show proppant falls from suspension and builds a proppant mound 
before any form of proppant transport takes place.  Clean fluid stages pumped throughout 
the sand laden stages were shown to erode proppant from the proppant mound.  Power 
 iii
and bi-power laws were derived from the results of these experiments by STIM-LAB 
personnel. These power and bi-power laws predict the location of the top of the proppant 
mound.  The results of these laws and of the laboratory experiments were reviewed and 
analyzed for use in this thesis. A sensitivity analysis using these predictive equations was 
performed to determine the relative effects of fluid viscosity, fluid density, pump rate, 
proppant diameter, proppant density, proppant concentration, and fracture width. Results 
show that viscosity has a large effect on proppant transport capabilities. Pump rate also 
has an effect, but it is not as large as the viscosity effects. 
 Using the power and bi-power laws and the resulting sensitivity analysis and 
laboratory experiment observations, experimental slickwater schedules were designed 
and field tested in both the Denver-Julesburg and Green River basins.  A total of twelve 
experimental slickwater fracturing treatments were performed on six different wells.   
 Net pressure analysis and production data from each experimental slickwater 
treatment and well were compared to offset data to determine improved proppant 
transport capability and enhanced productivity.  It is shown that including clean fluid 
stages in the form of sweeps throughout the sand-laden stages improves the chance of 
pumping a slickwater job to completion without encountering a screen out.  Sweep stages 
also help clear proppant from the proppant mound, apparently relieving net pressure, and 
enabling fracture extension and longer propped fracture half-lengths.  Quickly ramped 
sand-laden stages may also allow proppant transport to begin faster.  Production results 
 iv
from the field trials, including both initial production (IP) rates and early cumulative 
production totals, indicate significant improvement when compared to offset wells.   
 v
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CHAPTER 1:  INTRODUCTION 
 
 Hydraulic fracturing is a tool that can be used to increase production and improve 
the economics in oil and gas wells.  Both industry and academia spend significant time 
and money striving to improve fracturing efficiency, enhance production performance, 
and increase oil or gas well economic value.  The transport of the propping agent and 
length of the propped fracture half-length can have a direct impact on all of these goals. 
 Slickwater hydraulic fracture treatments were very popular thirty to forty years 
ago before the high viscosity cross-linked gel was introduced to the industry.  Slickwater 
treatments have since regained popularity in certain geologic basins and reservoirs 
around the United States of America.  They have been particularly successful in tight gas 
reservoirs and have been receiving even more attention with the increased interest in 
unconventional resources.   
 This thesis examines how different slickwater treatment parameters affect the 
proppant transport capabilities in artificially-created fractures and the resulting 
hydrocarbon production.  A literature review focusing on the history of slickwater 
hydraulic fractures, proppant transport in slickwater treatments, and how transport occurs 
in fluidized beds is provided in Chapter 2.  Chapter 3 then describes previous laboratory 
experiments, performed by the STIM-LAB Consortium, concerning proppant transport in 
low-viscosity fluids.  Observations and results are also included.  A sensitivity analysis 
and resulting discussion are provided in Chapter 4.  Chapter 5 discusses field trials 
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conducted by Kerr-McGee Corporation and EnCana Oil and Gas (USA), Inc. who both 
use slickwater technology extensively in the Denver-Julesburg and Green River basins to 
stimulate tight gas sands.  These laboratory results and field trials are discussed and 
conclusions are provided.   
 
1.1 Research Objectives 
 The overall objective of this project is to improve the understanding of proppant 
transport mechanisms in low-viscosity slickwater hydraulic fracture treatments.  
Improved proppant transport may result in longer propped fracture half-lengths, thereby 
resulting in improved fracture conductivity, and higher production rates.   
 A second objective is to use power and bi-power law equations resulting from 
previous laboratory experiments to simulate different slickwater treatment scenarios.  
Observations from these experiments along with the simulations are used to predict what 
the resulting proppant mound may look like in a slickwater hydraulic fracture and how it 
is affected by pumping techniques. 
 A third objective is to show the sensitivity of certain variables on proppant mound 
growth.  These variables include:  fluid density, proppant density, proppant diameter, 
fluid viscosity, fracture width, fluid flow rate, and proppant concentration. 
The final objective is to evaluate the results of field trials that implement 
experimental slickwater pump schedules and designs.  These experimental treatments 
were designed from STIM-LAB experiment observations and power and bi-power law 
 3
sensitivity analysis.  A total of twelve experimental slickwater treatments were performed 
on six different wells in two separate basins.  The net pressure behavior and fracture 
growth characteristics for each treatment are compared to offset fracture data.  Initial 
production rates and thirty-day cumulative gas production are also compared between 
experimental wells and offsets completed in a conventional slickwater manner.   
 
1.2 Research Contributions 
 The contributions of this research project are as follow: 
• Improved understanding of proppant transport in low-viscosity slickwater 
hydraulic fracture fluids.   
• Improved treatment economics.  Incorporating improved pump schedules and 
designs without increases in fluid volumes, propping agents, or treatment cost can 
improve the proppant placement and yield greater production capabilities.   
• Improved slickwater hydraulic fracture treatments from an operational point of 
view.  Pump schedules used to improve proppant transport can also be used to 
reduce the risk of screening out a slickwater treatment.  Slickwater treatments 
often screen out due to the lack of transport capabilities.  The pump schedules 
introduced in this project can mitigate the risk of screening out and reduce the 
chance of not placing all of the designed sand in the formation. 
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• Developed a method to help control fracture growth in slickwater treatments.  
Results suggest that pump methods can be used to maximize fracture extension in 
the lateral direction and reduce fracture growth in the vertical direction. 
• Suggested future experimentation of slickwater fracturing technique and pump 
schedules.  Slickwater treatments often make normally marginal plays into 
exceptional successes because they are inexpensive and often work better than 
other forms of treatments in certain areas.  By experimenting with different pump 
designs and schedules, it is possible to further improve production from the 
treated wells and continue to improve the economics of the field.   
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CHAPTER 2:  LITERATURE REVIEW 
 
 Chapter 2 provides a literature review of the following areas:  (1) slickwater 
hydraulic fracturing technology and techniques and the areas where they are applied, (2) 
proppant transport and why it is crucial in slickwater treatments, and (3) fluidized beds 
and how they are applied in and out of the petroleum industry. 
 
2.1  Slickwater Fracturing Technology and Areas of Application 
 Slickwater fracturing is a cheap and simple technology used in many low 
permeability applications throughout the United States, including the Rocky Mountains 
(Figure 2.1).  There are many reasons that may explain why these low-viscosity 
treatments are preferred in these areas including:  minimal leak-off in low permeability 
formations, the absence of gel residue, reactivation of natural fractures, optimal 
dimensionless fracture conductivity, and overall economics (Miskimins, 2005). 
Many different names have been used for slickwater fracs throughout the years.  
Such names include:  river fracs, pit fracs, water fracs, treated water fracs, low-proppant 
fracs, and friction-reduced fracs.  The fluid in slickwater treatments can consist of only 
water or water with a low linear gel concentration, generally between 0.5-20 lb/Mgals.  
Low proppant concentrations are used (0-2 ppg) and are often ramped up to the 
maximum proppant concentration.  Some water fracs are pumped without proppant at all.  
Surfactants, friction reducers, and clay stabilizers are additives that are commonly used in 
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minimal amounts.  Pump rates vary anywhere between 10-80 BPM and pad volumes can 
be as much as 50% of the total fluid pumped (Miskimins, 2005; Green, 2004).  Variations 
of slickwater treatments include hybrids and sweep stage slickwater jobs.  Hybrid 
fracture treatments are defined as a low viscosity pad pumped to initiate the fracture 
followed by a heavier, higher viscosity fluid laden with proppant (Rushing and Sullivan, 
2003).  Multiple stage slickwater treatments (Schein, 2005), where stages alternate 








There are several possibilities why slickwater jobs work well in low permeability 
formations.  One is that the resulting fracture satisfies the desired dimensionless fracture 







wkF =                  (Eq. 2.1) 
 
where,  kf = fracture permeability, mD 
w = width of fracture, ft 
k = permeability of formation, mD 
Xf = fracture half-length, ft 
  
FCD is the ratio of the ability of the fracture to flow over the ability of the reservoir to feed 
the fracture.  It can be thought of as a highway system, where the numerator (kfw) 
represents the interstate or highway and the denominator (kXf) represents the feeder or 
on-ramp system.  In highly-populated urban areas many wide highway on-ramps are 
needed to accommodate the flow of traffic.  Many on-ramps and a large volume of traffic 
will require a very wide interstate to be built to allow traffic to freely enter the highway 
and travel it with minimal backups.  A longer highway (or Xf) will not make a difference 
in this case since the only way to increase flow is to widen the road (or fracture).  This 
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scenario is similar to high permeability formations, where the reservoir is capable of 
feeding the fracture at very high rates, so a higher conductivity (wider) fracture needs to 
be designed (Economides and Nolte, 2000).     
 In low-populated rural areas there are a low number of small on-ramps to a 
highway.  In this case the highway needs not to be wide but a rather long interstate is 
needed for traffic to flow.  This is similar to a low-permeability formation where the 
reservoir cannot feed the fracture at a high rate so the money is better spent on achieving 
fracture length in order to contact more of the reservoir (Economides and Nolte, 2000).  
 There are different views on what the optimal value of FCD should be and why.  
Ideally the fracture should be able to handle the exact amount of flow as the reservoir is 
able to feed at steady-state flow conditions (FCD = 1).  In theory, designing the fracture to 
handle larger flow capacities would be a waste of time and money.  However, at early 
times the reservoir will be in a transient flow period.  Transient flow offers larger 
deliverability and occurs before pseudo-steady and steady-state flow boundary effects are 
felt by the well.  Pseudo-steady or steady-state conditions will take a long period of time 
to reach in low-permeability reservoirs and in some cases may never be reached in certain 
tight applications.  In this case the optimum FCD should be designed well above 1.0 
(Economides and Nolte, 2000). 
There are many other factors that influence flow down a hydraulic fracture, 
including non-Darcy flow, multiphase flow, embedment, gel residue, proppant crushing, 
cyclic stresses, and fines migration.  Because these factors adversely affect the ability of 
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the fracture to flow, FCD’s are often over-designed to account for these variables 
(Vincent, Pearson, and Kullman, 1999).  Prats (1961) found that the maximum 
production rate occurs at a FCD value of 1.26.  Values an order of magnitude larger than 
this are often recommended for low-permeability reservoirs with long transient flow 
periods (Economides and Nolte, 2000).   
Longer fracture half-lengths with minimized height growth are generally achieved 
easier with thin, low-viscosity, slickwater fluids than with higher viscosity cross-linked 
gels.  As can be seen in Equation 2.1, in an extremely low permeability formation, the 
fracture permeability does not need to be very high, relatively speaking, to achieve a 
greater  FCD.  A minimal increase in fracture conductivity (kfw) will drive the FCD value 
higher in low permeability settings.  Proppant transport and suspension are key factors in 
the resulting fracture permeability, width, and half-length, which ultimately affect the 
conductivity and productivity of the well. 
 FCD depends on many variables, some of which may be optimized by slickwater 
fracturing.  One explanation as to why slickwater jobs work well in low permeability 
reservoirs is the lack of gel residue associated with slickwater fluids.  Breakers do not 
break 100% of the crosslinked gel pumped in a conventional crosslinked hydraulic 
fracture treatment.  Leaving crosslinked gel residue in the pores of a reservoir, especially 
a tight reservoir, and the proppant pack can lead to excessive drawdown and inefficient 
drainage of the reservoir.  Since slickwater fluids are low-viscosity water-based fluids 
with no crosslinker, they tend to clean up better at a given drawdown pressure.  
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Slickwater fracs may also work well in certain areas because they reactivate reservoir 
discontinuities or natural fractures, adding width to the FCD equation (Miskimins, 2005). 
 The fact that slickwater fracture treatments are inexpensive compared to 
crosslinked gel jobs may also explain why they are used in certain plays around the 
country.  If the resulting production from a slickwater job is equal to or even slightly 
below that of a conventional crosslinked job pumped in the same formation, the 
slickwater job may be more economic and yield higher NPV’s because they are 
substantially cheaper.  This is often seen in economically challenged projects where 
every dollar saved is crucial to the success of the basin’s development (Miskimins, 2005).   
 Slickwater fracs are pumped in a number of different basins and fields throughout 
the country (Figure 2.1).  One of the formations where slickwater has become extremely 
successful is the Cotton Valley sandstone in east Texas.  Mayerhofer et al. (1997) shows 
that slickwater fracs result in equal or better production compared to conventional 
crosslinked gel jobs and cost 50% less in the Cotton Valley producing areas.  They 
attribute this success to the fact that water fracs may not fully close, when net pressure is 
released, and a residual path of conductivity is left behind from asperities on the fracture 
faces acting as a propping agent.  Another possibility, according to Mayerhofer et al., is 
that slickwater fracs cleanup more efficiently than conventional crosslinked gel fracs and 
that since both water fracs and crosslinked jobs are inefficient fracs, slickwater is the 
preference because it is cheaper.  Walker et al. (1998) and Mayerhofer and Meehan 
(1998) also show that a number of different operators use slickwater treatments which 
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result in equal and better production results than crosslinked jobs in both the East Texas 
Cotton Valley and the Barnett Shale.  Sweep stage slickwater jobs have also gained 
popularity in the Cotton Valley, where clean fluid stages are pumped in between proppant 
laden stages (Schein, 2005).   
 The first completion method used on the Barnett Shale in the 1980’s was 300,000 
gal. gelled fluid and 300,000 lb. sand fracture treatments.  This was later increased to one 
million gal. gelled fluid and one million lb. sand jobs.  In 1997, operators began using 
slickwater treatments with very large volumes of water and small volumes of sand to 
fracture the Barnett.  The success of the slickwater fracs combined with the low cost 
significantly improved the production potential and the economics of the Barnett Shale 
(Rach, 2004; Johnston, 2004).  
 Slickwater and hybrid treatments have also been heavily used in the Bossier play 
in the East Texas Basin (Rushing and Sullivan, 2003).  Hybrid fracs are a low-viscosity 
pad followed by a higher-viscosity (30-35 lbs./Mgals) proppant laden slurry.  Certain 
operators in the Bossier tight gas sand have gone from crosslinked gel treatments, to 
water fracs where only fluid is pumped, to slickwater jobs where proppant is pumped in 
low concentrations, to hybrid water frac treatments.  The reasoning behind these hybrid 
jobs was to create fracture length with the slickwater pad and then transport proppant 
with the higher-viscosity gels.  Case studies have shown that on average, hybrid fracs 
create longer effective fracture half-lengths than slickwater jobs in the Bossier.  In some 
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cases, the hybrids create longer effective half-lengths than the crosslinked jobs do 
(Rushing and Sullivan, 2003; Sharma et al., 2004).   
 Slickwater fracture treatments are also heavily pumped in other basins around the 
country including the Denver-Juleburg, Piceance, San Juan, Uinta, Green River, and 
Powder River Basins (Green, 2004).  All are low permeability reservoirs in which 
slickwater fracs prove to be very effective.   
 
2.2 Proppant Transport  
 Today’s hydraulic fracture simulators work well in modeling gelled fluids and 
their associated proppant transport capabilities.  But one point of concern is the 
inadequate modeling capabilities of this software when it comes to proppant transport in 
low-viscosity or slickwater fluids.  Current simulators are designed for gelled fluid 
applicability only.  They do not take into account the proppant falling from suspension, 
building of a proppant mound and the associated fluidization of particles at critical flow 
velocities that are explained later in Chapter 2.  As a result, simulators usually predict an 
overconfident propped fracture half-length and incorrect conductivity when slickwater- 
based fluids are entered into the software.   
 There have been numerous experiments and derivations that have attempted to 
accurately explain and model how low-viscosity fluids transport proppant in a vertical 
fracture setting.  STIM-LAB, Inc. (a subsidiary of Core Laboratories, Inc.), directs a large 
proppant research consortium out of Duncan, OK, and has done extensive 
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experimentation and research. Some of the significant results from the STIM-LAB 
Consortium will be discussed in Chapter 3.  Some of the earlier work performed on 
proppant transport in low-viscosity fluids, and whom STIM-LAB’s work follows very 
closely, is Kern, Perkins, and Wyant  (1959).   
Kern, Perkins, and Wyant conducted laboratory experiments by injecting sand and 
water through two plexiglass plates at constant rates.  They observed the sand transport 
characteristics of the water at different rates.  Figure 2.2 shows an overview of how 
proppant is placed by a low-viscosity fluid in a hydraulically induced fracture.  Proppant 
falls to the bottom and begins to build a mound of proppant.  The proppant mound 
develops and rises until the gap between the top of the mound and the top of the fracture 
reaches a critical value.  The fluid velocity increases as the gap decreases until it reaches 
the critical gap size and resulting critical velocity.  At and above the critical velocity, 
proppant is washed or transported out until a new equilibrium height is established.  This 
washout process can be explained by the sliding, rolling, and re-suspension of the particle 
bed.  At and above the critical velocity, the bed is “fluidized by lift” and only then is 
proppant transported further down the fracture.  The system will eventually reach an 
equilibrium point where the height of the proppant mound will no longer fluctuate and a 
steady “traction carpet” (defined in Section 2.3) forms where proppant transport takes 
place (Kern et al., 1959; Patankar et al., 2002).   
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Figure 2.2:  Proppant transport by a thin fluid in a hydraulic fracture.  (From Patankar et 




2.3 Fluidized Particle Beds 
In a fracture setting, when the proppant mound reaches the critical height, the 
resulting velocity between the top of the mound and the top of the fracture causes the 
proppant to re-suspend (fluidize) and travel further down the fracture in is what is called 
a “traction carpet” (Patankar et al., 2002).  This traction carpet is a horizontal fluidized 
particle bed.  The idea of fluidized particle beds has existed for some time and has had 
significant research conducted outside the hydraulic fracturing industry (Joseph, 2002; 
Leva, 1959; Patterson and Griffin, 1978).  Other applications of fluidized beds in and out 
of the petroleum industry include:  removal of drill cuttings from horizontal wells (Wang 
et al., 2003), catalytic cracking (Kunii and Levenspiel, 1991), sediment transport (Leva, 
1959), and the blending of solids (Leva, 1959).  One of the earliest applications is the 
purification of water by passing it through a vertical sand filter.  Once the filter has been 
clogged with solid deposits, water is back-flowed through the sand column to remove the 
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permeability reducing solids.  The bed of sand expands at a critical velocity and expands 
further when the velocity of the fluid is increased (Leva, 1959).  This process is similar to 
fluidized bed reactors where gas flows upwards through a vertical column of sand, 
fluidizing the bed of particles.  Some form of fuel, perhaps coal, is fed into the chamber 
and is burned while mixing with the suspended particles.  Heat is then transferred from 
the particles to the walls, which are in direct contact with boiler tubes.  This process 
allows a higher rate of heat transfer than conventional boilers (Patterson and Griffin, 
1978).  
The bed expansion of vertical particle columns with upward flow is achieved by 
fluidization by drag.  Fluidization by drag is defined as when the drag force exerted on 
the particles by the fluid is equal to the buoyant weight of the particles (Figure 2.3).  
When the fluid velocity is increased, the bed expands.  There have been a number of 
researchers who have done work on this topic.  The most significant may be Richardson 
and Zaki (1954), who conducted laboratory experiments, plotted their data on log-log 
plots, and came up with power laws to predict the equilibrium height of the expanded 












Figure 2.3:  Fluidization by drag (vertical upward flow).  (From Joseph, 2002) 
 
The horizontal transport of sediment or proppant in a horizontal channel, possibly 
a fracture, by a thin fluid, however, is achieved by fluidization by lift (Figure 2.4).  In this 
case, the shear flow of the fluid achieves the fluidization.  In order for fluidization to 
occur, the average lift exerted by the shear flow of the fluid on the particles will equal the 
buoyant weight of the particles.  If the shear flow and shear rate are increased, the particle 
bed will expand further and stabilize at an equilibrium bed height.  This is similar to 
fluidization by drag in a vertical setting, but the shear flow fluidizes the particle bed 
rather than the drag force.  Joseph (2002), Patankar et al. (2002), and Wang et al. (2003) 
may be the most recent to conduct research and model the fluidization of particles in a 
horizontal channel by lift.  They have conducted extensive modeling to simulate the 
fluidization process.  Their results compare nicely to STIM-LAB’s experimental data that 









Figure 2.4:  Fluidization by lift (horizontal flow).  (From Joseph, 2002) 
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CHAPTER 3:  POWER AND BI-POWER LAW DEVELOPMENT 
 
 Chapter 3 is dedicated to providing a background on STIM-LAB’s slot 
experiments that were conducted to better understand proppant transport in low-viscosity 
slickwater fluids both visually and mathematically.  Joseph (2002)’s contribution and the 
derivations of the power and bi-power laws used to predict proppant placement in a 
vertical fracture are also discussed. 
 
3.1 STIM-LAB’s Slot Flow Experiments 
STIM-LAB, Inc. has conducted numerous slot experiments to better understand 
proppant transport by water and other thin fluids. The apparatus used in the experiments 
is shown in Figure 3.1.  Water and proppant were added at constant rate into the 8 mm 
(0.315 in) wide slot through the open 30.5 cm (1.0 ft) tall end (a).  The proppant and 
water travel down the 2.44 m (8.0 ft) long slot (b) and exit through 8 mm perforations, at 
7.62 cm (3.0 in) intervals, on the other 30.5 cm tall end (c).  Different fluid and proppant 
types were pumped into an experimental slot apparatus at various concentrations, 
temperatures, and rates.  Various proppants were used including 20/40 Ottawa, 12/20 
Badger, and 40/60 Brady.  The tests allowed the system to reach equilibrium and a 
fluidized bed (or traction carpet) to appear.  The resulting proppant mound heights, i.e. 
equilibrium height for each test was then recorded (Patankar et al., 2002).  The tests were 








Figure 3.1:  STIM-LAB experimental slot apparatus showing flat bed region. 
(Modified From Patankar et al., 2002) 
 
  
The STIM-LAB tests resulted in very similar results as the Kern, Perkins, and 
Wyant trials in 1959.  Proppant quickly falls out of the thin fluid and builds a proppant 
mound.  The proppant continues to fall from suspension and build the mound until the 
velocity between the top of the mound and the top of fracture reaches a critical value.  
Prior to the mound reaching the critical height and resulting critical velocity, no proppant 
transport is taking place; proppant is only falling out and accumulating in a mound.  At 
and above this critical value, the traction carpet forms and proppant is then transported 
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out into the fracture via the “traction carpet” (see Figure 2.1).  If the fluid and sand rates 
are kept constant the mound will stabilize at an equilibrium height.  The velocity between 
the top of the mound and the top of the fracture will also stabilize.  Equilibrium is 
therefore defined as the point where sand and water are entering the fracture at a constant 
rate, the mound is at a stabilized height, and the traction carpet is transporting proppant 
further into the fracture.  If the rate is decreased, the traction carpet will disappear and the 
mound will build until the velocity between the mound and top of the fracture again 
reaches a critical value, the traction carpet reappears, and equilibrium is reached.  If the 
rate is increased, the traction carpet will erode the mound down to a critical height that 
results in a critical velocity in the gap above the proppant mound.  Once this velocity is 
reached, the mound height will stabilize and the traction carpet will continue transporting 
injected proppant into the fracture (Patankar et al., 2002; Kern et al, 1959). 
Figure 3.2 is a close up of the left side of Figure 3.1 and shows the evolution of 
the proppant mound throughout the experiments.  The proppant falls from suspension, 
rather quickly, and forms a flat bed region that has three distinct zones.  The bottom zone 
is the immobile bed, made up of previously injected proppant.  Above the immobile bed 
is a mobile particle bed or “traction carpet” where proppant particles are fluidized by lift 
and transported by sliding, rolling, re-suspension, or a combination of these (H1 –H2).  





Figure 3.2:  Proppant transport in thin fluids at equilibrium conditions.  




Two types of experiments were conducted by STIM-LAB in these trials.  Only 
fluid was injected in Case 1, where the proppant flow rate (Qp) is zero and H1=H2 in 
Figure 3.2.  The experiment is pumped with the proppant mound initially placed and then 
the injected fluid erodes away the immobile mound of proppant, leaving a larger gap 
between the mound and the top of the fracture.  The size of the gap is directly 
proportional to the velocity of the fluid traveling through it; i.e.  higher velocities result in 
more proppant erosion and a larger equilibrium gap.  Once at equilibrium, fluid is 
traveling over the proppant mound, but no proppant erosion is taking place.  The power 
law correlation, explained in Section 3.2, predicts the clean fluid zone height between the 
proppant mound and the top of the fracture at a constant flow rate (Patankar et al., 2002). 
 In the second type of experiment, Case 2, proppant and fluid were both injected at 
a constant rate, where Qp≠0, H1≠H2, and the mobile particle bed or “traction carpet”, 
defined as H1-H2, is present (Figure 3.2).  The H1 and H2 equilibrium heights were 
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manually measured for each fluid and proppant flow rate.  A bi-power law correlation 
was derived to predict H1 and H2 in Wang et al. (2003) and is also explained in Section 
3.2.  These correlations are similar in nature to the Richardson and Zaki (1954) power 
laws.  Power and bi-power laws are tools that can be used to predict expanded bed 
heights in horizontal channels that are fluidized by lift, including hydraulic fractures.  
The Richardson and Zaki correlations are for the height of the expanded bed when 
particles are fluidized by drag in vertical upward flow (Patankar et al., 2002). 
 
3.2 Power and Bi-Power Law Equations 
Section 3.2 is further split up into two sub-sections; 3.2.1 and 3.2.2.  Section 3.2.1 
will discuss the derivation of the power law and how it is used in the Case 1.  Section 
3.2.2 will then discuss the bi-power law derivation and it’s applicability in Case 2. 
 
3.2.1 Case 1 - Power Law Derivation  
Case 1 consists of pumping only clean fluid over an existing proppant mound 
eroding the mound down to an equilibrium height (H) for a given flow rate.  For each 
controlled flow rate there is a corresponding equilibrium height, H1=H2=H.  When the 
fluid flow rate and resulting velocity are increased above the critical value for an 
equilibrium H, proppant is eroded from the mound until a new equilibrium H is obtained.   
 A power law correlation was derived in Patankar et al. (2002) to predict the gap 
height between the top of the proppant mound and the top of the fracture when clean fluid 
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is pumped over the proppant mound.  The correlation is valid when the system has 
reached equilibrium.  Equilibrium is defined when the clean fluid is no longer eroding 
proppant from the proppant mound at a constant flow rate.  The equilibrium gap heights 
were measured for each test and recorded for use in deriving the Case 1 power law 
(Patankar et al., 2001; Joseph, 2002).  A sample of this data set is shown in Table 3.1. 
 
The problem parameters, as listed in Patankar et al. (2002), are shown below: 
 





R fff =                   (Eq. 3.1) 
where, 
 Rf = Fluid Reynolds Number 
 ρf = Fluid Density 
 Qf = Fluid Flow Rate 
 W = Width of Fracture 






















=                 (Eq. 3.2) 
where, 
 RG = Gravity Reynolds Number 
 ρf = Fluid Density 
 ρp = Proppant Density 
 g = Gravitational Constant 
 d = Average Proppant Diameter 
 η = Fluid Viscosity 
 
The Fluids Reynolds Number (Rf, Eqn. 3.1) was plotted against H/W (clean fluid 
zone height over slot fracture width) as shown in Figure 3.3 on a log-log plot.  Three 
straight lines fall out on the logarithmic plot, corresponding to three Gravity Reynolds 




Figure 3.3:  Fluid Reynolds Number (Rf) as a function of H/W (From Joseph, 2002) 
 
From Figure 3.3, the following Equation 3.3 is developed and represents the final form of 
the predictive power law correlation for the erosion case: 
Case 1/Erosion Power Law:   
)()( GRmfG RRaW
H
=                  (Eq. 3.3) 
where, 
 H = Gap Height, H1=H2  
 W = Width of Fracture 
 Rf = Fluid Reynolds Number 
a = Coefficient, f(RG) 
 m = Coefficient, f(RG) 
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Coefficients a and m are functions of RG and can be considered constants at RG equals:  
86, 100415, and 521-20342, shown in Table 3.2.  Using this analysis, Equation 3.3 can 
predict the height of the gap between the proppant mound and the top of the fracture 
when clean fluid is pumped over a proppant mound.  Since the input parameters are 
dimensionless, formation and/or fracture height is not included, so the equation is 
applicable in a variety of ways (Patankar et al., 2002; Joseph, 2002). 
 
Table 3.2:  Power Law Coefficients as a Function of RG (From Joseph, 2002) 
 
 
3.2.2 Case 2 – Bi-Power Law Derivation 
Both fluid and proppant are injected at controlled flow rates in Case 2.  There is a 
clear fluid region, H2, above the traction carpet, H1-H2, at equilibrium (Figure 3.2).  Both 
the proppant and fluid play a key role in the proppant transport characteristics when they 
are injected in slurry form.  In Case 2, a proppant mound will build, the traction carpet 
and clean fluid zone will appear and proppant transport will take place via the traction 
carpet carrying proppant further down the fracture.  At equilibrium, H1 and H2 appear 
where H1 is the combined height of the traction carpet and the clean fluid zone and H2 is 
only the height of the traction carpet.  Again, these values will vary depending on what 
types of proppant and fluids are used and at what rates they are pumped into the fracture. 
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Like the erosion case, these H1 and H2 values were measured manually at 
equilibrium for each test scenario.  An example of this data is shown in Table 3.3 
(Patankar et al., 2002; Joseph, 2002). 
 
 
Table 3.3:  STIM-LAB Case 2 (Proppant Transport) Data Set (From Joseph, 2002) 
 
 
Power law correlations, used to predict H1/W and H2/W (where W is the fracture 
width), were derived in Patankar et al. (2002) and later improved to the explicit bi-power 
form in Wang et al. (2003).  The Case 2 correlations are based on Rf and RG, the same 
parameters as Case 1, and two additional parameters Rp and λ.  These two additional 
parameters are shown below: 
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R ppp =                  (Eq. 3.4) 
where, 
 Rp = Proppant Reynolds Number 
 ρp = Proppant Density 
 Qp = Proppant Flow Rate 
 W = Width of Fracture 
  η = Fluid Viscosity 
 





λ =                   (Eq. 3.5) 
where, 
 η = Fluid Viscosity  
 ρf = Fluid Density 
 W = Width of Fracture 
  g = Gravitational Constant 
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 The bi-power laws, that were derived in Wang et al., 2003, are able to predict H1 
and H2.  The correlations consist of five dimensionless parameters and are in the 
following form: 




1 λ=               (Eq. 3.6) 




2 λ=               (Eq. 3.7) 
The following quote is modified from Wang et al., 2003: 
 “Following are the procedures used to achieve the bi-power correlations:  (1) 
Different kinds of proppant and fluid are used in proppant transport experiments 
and lead to different values of RG and λ.  For each single case, bi-power law 
correlations of H1 and H2 were developed.  (2) The prefactors and exponents in 
these correlations are functions of RG and λ.  Curve fitting was implemented to find 
analytical expressions for these coefficients.  (3) Curve fitting implies that c1, n1, c2, 
and n2 can be reasonably approximated by logarithmic functions of RG, while the 
trend of m1 and m2 are less obvious.  (4) The c1, n1, c2, and n2 values that were 
predicted by the logarithmic functions of RG and λ were used while varying m1 and 
m2 in the initial form of the bi-power laws (Eqs. 3.6 and 3.7) to match the measured 
H1 and H2 consistently.  The new m1 and m2 values turn out to be also logarithmic 
functions of RG, but with slopes and intercepts as functions of λ.  (5) With the 
explicit and analytical expressions for all the coefficients in the Bi-Power Law 
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known:  ( ) ( ) ( ) ( ) ( ) ( )λλ , and ,, , , , , 212121 GGGGGG RmRmRnRnRcRc , H1 and H2 were 
predicted and compared to the experimentally measured values.  The analytical 
expressions ( ) ( ) ( ) ( ) ( ) ( )λλ , and ,, , , , , 212121 GGGGGG RmRmRnRnRcRc  were 
adjusted to obtain the best fit for the measured H1 and H2.  Hence, the final form of 
the analytical expressions were obtained and shown in Equations 3.9 – 3.13.  Then 
they are inserted to Equations 3.6 and 3.7, giving rise to Equations 3.14 and 3.15 as 
the final form for the bi-power law correlations.” 
 The logarithmic functions that represent the bi-power law coefficients (c1, n1, c2, 







Figure 3.4:  Bi-power law correlation coefficients c1 and c2 plotted against RG.  
(From Wang et al., 2003) 
 
 
( ) 341 1092.2ln1030.2 −− ×+×−= GRc                 (Eq. 3.8) 
( ) 342 1033.1ln1015.1 −− ×+×−= GRc              (Eq. 3.9) 
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Figure 3.5:  Bi-power law correlation coefficients n1 and n2 plotted against RG. 
(From Wang et al., 2003) 
 
 
( ) 120.0ln0172.01 −−= GRn              (Eq. 3.10) 
( ) 304.0ln1016.7 32 −×−= − GRn             (Eq. 3.11) 
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Figure 3.6:  Bi-power law correlation coefficient m1 plotted against RG. 
(From Wang et al., 2003) 
 




Figure 3.7:  Bi-power law correlation coefficient m2 plotted against RG. 
(From Wang et al., 2003) 
 
( )[ ]GRm ln67.111030.120.1 28.162 −×−= −− λ            (Eq. 3.13) 
 When the bi-power law coefficients are inserted into Eqns. 3.6 and 3.7, the final 
form of the bi-power laws is the result: 









H λ  








H λ  
       (Eq. 3.15) 
where, 
 H1 = Height of Clean Fluid and Mobile Bed Zones (Figure 3.2) 
 H2 = Height of Clean Fluid Zone (Figure 3.2) 
 RG = Gravity Reynolds Number 
 Rf = Fluid Reynolds Number 
 Rp = Proppant Reynolds Number 
 λ = Gravity Reynolds Number for the Fluid 
 
Equations 3.14 and 3.15 are correlations that predict the clean fluid zone and 
traction carpet heights when both fluid and proppant are pumped and have reached 
equilibrium where proppant transport is occurring via the traction carpet.  H1/W and 
H2/W can be determined with the following parameters: fppf QQWd ,,,,,, ηρρ  (Patankar 
et al., 2002). 
Figures 3.8 and 3.9 show the measured values of H1 and H2, taken from the 
STIIM-LAB trials, against the predicted values using the derived bi-power laws.  
Reasonable agreement is seen between the measured and predicted values (Wang et al., 
2003).   
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Figure 3.8:  STIM-LAB manually measured H1/W values plotted against bi-power law 
predicted H1/W values.  Good agreement is apparent. (From Wang et al., 2003) 
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Figure 3.9:  STIM-LAB manually measured H2/W values plotted against bi-power law 











3.3 STIM-LAB Experiment Observations 
To assist in visually understanding what fluidization by lift actually looks like and 
to show examples of the experiments used to derive the power and bi-power correlations, 
pictures of several of the STIM-LAB experiments have been included.  Figure 3.10 
shows the initialization of the proppant mound as the proppant quickly drops from 
suspension when both fluid and proppant are injected (Case 2).  The injection takes place 
at the left side with fluid flow from left to right.  Swirling and turbulent effects can also 
be seen that result in a void space near the perforations.  The deposition and stabilization 
of the mound took only minutes to achieve.  A close up a stabilized traction carpet and 
clean fluid zone are shown in Figure 3.11.  Notice how recognizable the three different 
zones are at equilibrium and how distinct the zones are in Figure 3.2.  These tests show 











Figure 3.10:  The proppant is quickly falling from suspension and building a proppant 
mound as slurry is injected into the 1’X8’ slot.  Notice the “void” area that develops near 














Figure 3.11:  When both proppant and fluid are injected as a slurry at equilibrium, the 
immobile bed, traction carpet, and clear fluid zone can all distinctly be seen. 
(1’X8’ slot, 10 gpm/12 lb/min/1 cp fluid) (From STIM-LAB, 2001) 
 
Figure 3.12 shows how quickly the sand is eroded away at the beginning of the 
erosion case (Case 1) when the sand concentration goes to zero and only clean fluid is 
pumped over the mound.  Swirling of the proppant on the front of the mound can be seen.  
The erosion process, however, slows down significantly and takes a long while to reach 










Figure 3.12:  When sand is cut and the erosion (sweeping) case begins, the proppant 
mound initially erodes very quickly.  (1’X8’ slot, 10 gpm/12 lb/min/1 cp fluid) 
(From STIM-LAB, 2001) 
 
Figures 3.13-3.15 show the evolution of the proppant mound at later times in an 
erosion case.  Figure 3.13 shows the proppant mound four minutes after sand was cut.  At 
this point in time, the clear fluid zone above the eroding mound has a height of 10 cm.  
Figure 3.14 shows the eroding proppant mound 14 minutes after sand was cut with a clear 
fluid zone height of 11 cm.  Figure 3.15 shows the mound 24 minutes after sand was cut 
and is still not at equilibrium.  The clear fluid zone height is 13 cm at this point in time 
and has only eroded away 3 cm of proppant in twenty minutes of fluid flow.  Comparing 
this behavior to the sweeping stages in sweep-stage slickwater jobs indicates that short, 
relatively small volume stages are adequate in eroding proppant further into the fracture, 
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and that longer, larger volume sweep stages would not gain the operator much in a 
proppant placement sense.  Although pump rates do affect this erosion efficiency, it is 
still obvious that even at high treatment pump rates and large fracture heights it would 




Figure 3.13:  Erosion (Sweeping) equilibrium is not reached quickly.  The clean fluid 
zone height is 10 cm 4 minutes after sand is cut.  (1’X8’ slot, 15 gpm/1 cp fluid) 






Figure 3.14:  Erosion (Sweeping) equilibrium is not reached quickly.  The clean fluid 
zone height is 11 cm 14 minutes after sand is cut.  (1’X8’ slot, 15 gpm/1 cp fluid) 






Figure 3.15: Erosion (Sweeping) equilibrium is not reached quickly.  The clean fluid 
zone height is 13 cm 24 minutes after sand is cut; only eroding 3 cm in 20 minutes. 




Chapter 4 contains a sensitivity analysis performed on the power and bi-power 
laws.  Proppant transport and the associated height between the top of the proppant 
mound and the top of the fracture is affected by many variables and to different degrees.  
This must fully be understood in order to analyze and improve proppant transport 
capabilities in slickwater fracture treatments. 
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CHAPTER 4:  POWER AND BI-POWER LAW LAB AND  
FIELD PARAMETER SENSITIVITIES 
 
 Chapter 4 is dedicated to a sensitivity analysis that was run on parameters for both 
the power and bi-power laws at lab and field scales.  It also discusses how this analysis 
and the observations from Section 3.3 can be applied in slickwater hydraulic fracturing.  
Sensitivity analysis details are included in Appendix A. 
 
4.1 Power and Bi-Power Law Sensitivity Analysis at Lab Scale Rates 
A sensitivity analysis was run using the power and bi-power law correlations 
(Equations 3.3, 3.14, and 3.15) at lab scale rates to analyze the different input parameters 
and how they affect the height of the clean fluid zone in the erosion case (Case 1) and the 
“proppant transport channel” height in the proppant transport case (Case 2).  A list of the 
sensitivity analysis parameters can be seen in Table 4.1.   
 














Case 1 0.5 – 2.5 0.05 – 0.50 ---------- 1/16” – 3/8” 0.0011 – 0.0036 




The clean fluid zone is defined as the zone above the proppant mound at 
equilibrium in the erosion case (Figure 4.1).  The “proppant transport channel” is defined 
as the clean fluid zone and the traction carpet’s total height when both proppant and fluid 
are pumped (Figure 4.2).  The laboratory parameters and measurements were all in SI 
units when the slot flow experiments were conducted by STIM-LAB.  To gain an 
understanding of how these values compared to English units, the correlations were 
modified to oilfield units.  All sensitivity analyses shown in this chapter, both lab scale 
and field scale, are presented in oilfield units.  All sensitivity charts in the lab scale 
section have a fluid rate of 0.238 bpm (10 gpm), while sensitivity charts in the field scale 
section have a fluid rate of 50 bpm unless otherwise noted.  Sand concentration, clean 
fluid viscosity, fracture width, and proppant diameter are 1.0 ppg, 1.0 cp, 5/16 in., and 
0.00197 ft., respectively, unless otherwise noted.  These factors were chosen because 










Figure 4.1:  The clean fluid zone is defined as the zone above the proppant mound at 















Figure 4.2:  The proppant transport channel is defined as the clean fluid zone and the 




Figure 4.3 shows how the proppant transport channel for Case 2 (defined in 
Figure 4.2) depends on clean fluid viscosity when both fluid and proppant are pumped at 
lab scale parameters.  It can be seen that higher viscosity fluids result in larger proppant 
transport channels.  This parameter suggests a smaller overall proppant mound height and 
a longer propped half-length for a fixed volume of sand.  At approximately 5 cp, the 
proppant transport channel height starts to level off at 0.20 ft.  The highest viscosity fluid 
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Figure 4.3:  Effect of clean fluid viscosity on the proppant transport channel when fluid 
and proppant are pumped at lab rates. 
 
 
Figure 4.4 is the proppant transport channel height (Case 2) as a function of both 
clean fluid injection rate and fluid viscosity.  Again it can be seen that, in general, higher 
viscosity fluids result in larger proppant transport channel heights.  This figure also 
shows that higher injection rates result in larger proppant transport channel heights.  This 
follows Kern, Perkins, and Wyant (1959)’s theory (Figure 2.1) in that, as the pump rate is 
increased beyond the critical velocity, proppant will wash out further into the fracture 
creating a larger proppant transport channel height and a longer proppant mound in the 
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horizontal direction.  Similar results can be seen in Figure 4.5 where the proppant 
transport channel height is a function of both clean fluid rate and sand concentration.  
Again, increased rate yields an increase in proppant transport channel height.  This figure 
also indicates higher sand concentrations result in smaller proppant transport channel 
heights.  This is probably due to more sand accumulating on the proppant mound as 
concentrations are increased.  This is again seen in Figure 4.6.  One interesting 
observation in Figure 4.6 is sand concentration seems to have less of an impact on the 
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Figure 4.4:  Effect of pump rate and clean fluid viscosity on the proppant transport 
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Figure 4.5:  Effect of pump rate and sand concentration on the proppant transport channel 















































Figure 4.6:  Effect of sand concentration and pump rate on the proppant transport channel 
when fluid and proppant are pumped at lab rates. 
 
 
The final sensitivity chart for the proppant transport case where both fluid and 
proppant are pumped (Case 2) is Figure 4.7.  Figure 4.7 shows the proppant transport 
channel and how it varies with proppant diameter and fracture width.  The proppant 
transport channel increases with decreasing fracture width, likely due to the higher fluid 
velocities associated with a smaller width.  This transports more proppant down the 
fracture and creates a larger equilibrium proppant transport channel height.  Notice that 
proppant diameter seems to have little effect in larger fracture widths.  At smaller fracture 
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widths, however, smaller diameter proppant result in larger proppant transport channels.  
This could be due to smaller proppant having less settling velocity which allows the fluid 




































Figure 4.7:  Effect of fracture width and proppant diameter on the proppant transport 




A sensitivity analysis was also run on the erosion case, where only fluid was 
pumped over a proppant mound (Case 1) to observe how the clean fluid zone (Figure 4.1) 
varies with input parameters.  It can be seen from Figure 4.8 that the clean fluid zone 
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increases as viscosity increases, similar to the proppant transport case (Figures 4.3 and 
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Figure 4.8:  Effect of sweep fluid viscosity on the clean fluid zone when only clean fluid 
is pumped over an existing proppant mound at lab rates. 
 
 
Figure 4.9 shows how the clean fluid zone varies with clean fluid rate, again very similar 
to the proppant transport case (Figure 4.5) where increasing injection rate results in a 
larger clean fluid zone.  The clean fluid zone’s dependence on fracture width and 
proppant diameter is shown in Figure 4.10.  It seems that proppant diameter has more of 
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an effect on the clean fluid zone in the erosion case, where smaller grain sizes result in 
larger clean fluid zones.  Smaller fracture widths also result in larger clean fluid zones 


























Figure 4.9:  Effect of clean fluid rate on the clean fluid zone when only clean fluid is 



































Figure 4.10:  Effect of fracture width and proppant diameter on the clean fluid zone when 




4.2 Power and Bi-Power Law Sensitivity Analysis at Field Scale Parameters 
A sensitivity analysis was also run on the power and bi-power law correlations at 
field scale rates to again analyze the different input parameters and how they affect the 
height of the clean fluid zone (Figure 4.1) in the erosion case (Case 1) and the “proppant 
transport channel” height (Figure 4.2) in the proppant transport case (Case 2).  The 
sensitivity analysis parameters can be seen in Table 4.2.  These correlations assume a 
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constant fracture height (1.0 ft or 8.0 ft. height, depending on the experimental slot) and 
that the flow of fluid and proppant reach an equilibrium fluidized state.  Although a 
constant fracture height is probably not realistic in some treatment settings, this provides 
a base case for comparison that may be applied to many hydraulic fracturing scenarios.  
The field case sensitivities help to demonstrate effects in more commonly used units, 
however, no formal scaling analysis was applied. 
Figure 4.11 shows the proppant transport channel height above the proppant 
mound and how it depends largely on the clean fluid viscosity.  It can be seen that 
increasing fluid viscosity from 0.5 cp to 10 cp, a typical slickwater fracturing range,  
results in a range of 20 ft in the proppant transport channel above the proppant mound.  
Figure 4.12 shows the effects of 1 cp, 5 cp, and 10 cp viscosity fluids at varying clean 
fluid rates.  Increasing viscosity and increasing clean fluid rate results in a larger 
proppant transport channel above the mound and improved transport.  The range of 
proppant transport channel heights in a 10 cp fluid at different pump rates is much greater 
than the heights in a 1 cp fluid at different pump rates.  The 10 cp fluid results in a 
variability of 25 ft in proppant transport channel heights while the 1 cp fluid only results 
in a 5 ft range at different rates.  Figure 4.11 and 4.12 show that field pump rates do not 



















Case 1 0.5 – 2.5 10 – 80 ---------- 1/16” – 3/8” 0.0011 – 0.0036 




















0 2 4 6 8 10







































0 10 20 30 40 50 60 70 80 9

























The effect of sand concentration and pump rate on the proppant transport channel 
can be seen in Figures 4.13 and 4.14.  Both figures show that higher sand concentrations 
and lower pump rates result in smaller proppant transport channel heights above the 
proppant mound because as concentrations increase there is more and more sand that has 
to be transported at a lower rate.  However, even though a range in proppant transport 
channel heights is seen, the degree of this variance is not as large as that of viscosity.  In 
this case the variance in heights is only in the 6-8 ft range compared to 5-25 ft when 
viscosity is varied.  This also leads to the conclusion that rate and concentration do not 
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have as large of an effect on the proppant transport channel height as viscosity does.  This 
also may indicate that viscosity has more of an effect on low-viscosity fluid proppant 
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Figure 4.15 shows the effect of proppant diameter and fracture width on the 
proppant transport channel height.  Proppant diameter has little effect, except in very 
small fracture widths.  At small fracture widths, smaller mesh proppant diameters result 
in more erosion and larger channels since there is less buoyant weight for the lift process 
to overcome.  This figure also shows that in general, smaller fracture widths result in 
larger channels above the immobile proppant mound.  This is due to the fact that at 
smaller widths, the velocity of the fluid will be much greater than at larger widths.  This 
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enables more proppant to be fluidized and transported down the fracture and a larger 
proppant transport channel at equilibrium. 
Sensitivities were also performed on the erosion case, where only fluid was 
pumped over the proppant mound.  The effect of clean fluid viscosity is shown in Figure 
4.16.  It shows similar results as the proppant transport case in that higher viscosity fluids 
result in better transport and larger clean fluid zones at equilibrium.  Varying viscosities 
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Figure 4.16: Effect of sweeping fluid viscosity on clean fluid zone height. 
 
Figure 4.17 shows the effects that fluid rate has on the clean fluid zone above the 
proppant mound.  A range of 100 ft in the clean fluid zone heights is seen when varying 
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rates from 10 bpm to 80 bpm.  When only fluid is pumped, higher rates have a much 
larger effect on the clean fluid zone, which results in a smaller proppant mound and more 
proppant placement further into the fracture.   
Varying proppant diameter and fracture widths are shown in Figure 4.18.  Again, 
the results are very similar to the proppant transport case, where smaller proppant 
diameters and smaller fracture widths result in larger clean fluid zones over the immobile 
mound of proppant due to higher velocities.  In the erosion case, however, different grain 
sizes and fracture widths yield a range of 200 ft in the clean fluid zone heights.  
Equilibrium, however, takes a long time to achieve and may never be reached in the field.  
Keeping this in mind, these sensitivity results are still valid due to the rapid initial erosion 
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Figure 4.18: Effect of proppant diameter and fracture width on clean fluid zone height. 
 
Combining STIM-LAB videotape observations (Section 3.3) with the power and 
bi-power law sensitivity analysis results in these conclusions: 
 
• Proppant mound accumulation and equilibrium is achieved very quickly 
resulting in the transport and placement of proppants further into the fracture 
in a fluidized state. 






















• The proppant transport channel (clean fluid zone and traction carpet) height is 
greatly dependent on fluid viscosity, fracture width, and grain size at small 
fracture widths.  Higher viscosities, smaller fracture widths, and smaller grain 
sizes result in larger proppant transport channel heights and proppant 
placement further into the fracture. 
• Clean fluid rates and sand concentrations do affect the proppant transport 
channel but not to the degree of viscosity, fracture width, and grain size.  
Higher clean fluid rates do result in slightly larger channels and better 
proppant placement.  Higher sand concentrations lead to smaller proppant 
transport channel heights but not necessarily less transport because more sand 
is being pumped per volume of fluid. 
• The bi-power law (proppant transport case) does assume a constant fracture 
height and that the fluidized bed reaches equilibrium.  While a constant 
fracture height is a good base case for comparison, reaching equilibrium is 
achieved quickly and is also very realistic. 
• The erosion of the proppant mound begins very quickly but takes significant 
time to reach equilibrium.  
• The clean fluid zone in the erosion case is largely dependent on clean fluid 
rate, grain size, and fracture width.  It is somewhat less dependent on fluid 
viscosity.  Sweeping stages in sweep-stage slickwater fracs should follow this 
behavior, where clean rates are more important than viscosity. 
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• The power law (erosion case) also assumes a constant fracture height and an 
equilibrium condition.  Again, a constant fracture height is a good base case 
for comparison and although the erosion case takes a long time to reach 
equilibrium, it starts out very fast and will follow these sensitivity results.   
 
4.3 Applying STIM-LAB Observations to Slickwater Hydraulic Fracturing 
 The main goal of this research project is to improve proppant transport and 
placement in field slickwater treatments.  There are important observations made by 
analyzing the power and bi-power law correlations and observing the STIM-LAB 
experimental videos.  It can first be seen that increasing fluid viscosity (Figures 4.11 and 
4.12) greatly increases the proppant transport capabilities and proppant transport channel 
height which in turn creates longer propped fracture half-lengths.  One might think: 
“Why not use high viscosity fluids?”  The answer to “why not?” goes back to Chapter 2; 
many low-viscosity slickwater fracs are chosen because they are much cheaper than 
higher-viscosity fluids.  Generally, increasing the viscosity also increases the cost of the 
job.  Also, many low permeability formations actually react and produce better with 
slickwater fracs, possibly due to lack of gel residue and/or the reactivation of reservoir 
discontinuities.   
 It was shown in Figure 4.13 that increasing pump rate also increases the proppant 
transport capabilities of a slickwater treatment pumping water and sand.  Although rate 
does not greatly affect the proppant transport channel height, pumping at a high rate is an 
 70
easy and relatively cheap way to minimally help transport proppant in the horizontal 
direction.  Fracture width and proppant diameter also affect the proppant transport 
capabilities. It is probably unrealistic to try and control fracture width but using smaller 
diameter proppant may lead to larger proppant transport channels and better horizontal 
transport. 
 It must be noted that larger proppant transport channels may not always be 
desirable.  Larger may be better in the middle of the frac job as the operator is striving for 
horizontal placement of the proppant (i.e. longer propped half-lengths).  At the end of the 
job, however, it may prove to be beneficial to pack the proppant off in the vertical 
direction to ensure the entire thickness of the formation of interest is propped open.  
Decreasing rate at the end of the job may cause more proppant to drop from suspension, 
accumulate on the mound, decrease the proppant transport channel height (Figure 4.14), 
and help prop open the entire height of the pay zone.   
Another important observation made comes directly from the erosion case where 
only clean fluid is pumped over a proppant mound that already exists within the fracture.  
Pumping a clean fluid stage, or sweep stage, throughout various proppant laden stages 
may assist in transporting proppant further into the fracture.  It was observed in the 
STIM-LAB videos that the initial erosion process begins very rapidly and washes away 
the front of the proppant mound (Figure 3.12).  The process then slows down and 
requires a very large volume of fluid to erode the upper most portion of the proppant 
mound down substantially (Figures 3.13-3.15).  Applying this observation to a slickwater 
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hydraulic fracture treatment would lead one to believe that a small sweep volume may 
actually erode the front of the proppant mound and transport it further into the fracture.  
Doing so will potentially lower treating pressures and clear away potential proppant 
bridging, allowing the operators to reach their desired pump rate while remaining below a 
maximum treating pressure cutoff.  Pumping large volume sweeps would be a waste of 
time and money because of how long it takes to reach equilibrium in the experiments.  
Taking this into account, smaller sweep volumes should be sufficient (one to two 
wellbore volumes).   
Also, in the STIM-LAB trials there is no leak-off occurring in the plexiglass slot 
apparatus, allowing the injected fluid to remain at the same velocity all the way down the 
slot.  In a hydraulic fracture induced in a reservoir there will be a fluid volume that leaks 
off into the formation as the fluid travels down the fracture.  As the fluid leaks off into 
the formation, the fluid still in the fracture will lose velocity.  It can be seen from Figure 
4.13 that lower pump rates and velocities result in smaller proppant transport channels (or 
larger proppant mound heights).  As fluid leaks off and the velocity of the fluid still in the 
fracture decreases, the proppant mound will get closer and closer to the top of the 
fracture.  This may cause the treating pressure to increase and cause a premature screen 
out if the pump rate is kept constant and the maximum pumping pressure is exceeded, not 
allowing the operator to pump the entire volume of sand.  The proppant mound may even 
reach a point where it pinches out the proppant transport channel completely and causes 













Figure 4.19:  Fluid will leak-off as the slurry travels down the fracture.  As fluid leaks off 
into the formation the total slurry rate will decrease within the fracture.  This will cause 
the proppant transport channel height to decrease and the proppant mound to close in on 




This pinchout and resulting increase in net pressure may even cause unwanted height 
growth above and/or below the formation of interest.  Since the horizontal path of flow is 
blocked by increasing pressure and possibly a proppant mound pinchout, the path of least 
resistance may be in the form of vertical height growth.  Unwanted height growth could 
result in shorter overall and propped fracture half-lengths.  Pumping a small sweep (clean 
fluid stage) may erode the front of this proppant mound away and clean out the proppant 
transport channel and the pinchout area caused by leak-off.  This will allow the following 
proppant laden stage to again build a traction carpet and transport proppant down the 
fracture without a pinchout impeding the process.   
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 Another important observation is made from one of the STIM-LAB tests 
performed in a 4’X8’ slot.  Figures 4.20 – 4.22 show this particular test where both fluid 
and sand are injected from the right side of the slot through a single centered perforation.   
 
 





Figure 4.21:  Fluid and proppant enter the single centered perforation on the right hand 
side of the slot.  The proppant begins to fill the lower unperfed area below the single perf 
before building a proppant mound like the one seen in Figure 3.10.  This scenario may 

















Figure 4.22:  Proppant has now filled the bottom unperfed portion of the fracture and 
reaches the perforation.  The injected slurry now begins to create a proppant mound as in 
Figure 3.10, working its way toward equilibrium and the beginning of proppant transport.  
It is important to fill this lower portion of the fracture as quickly as possible in order to 
create a traction carpet and achieve proppant transport out into the fracture. 
 
 
It can be seen in Figure 4.21 that the injected proppant fills up the portion of the slot 
below the perforated area and does not immediately build a proppant mound like the one 
shown in Figure 3.10.  The proppant mound in Figure 3.10 develops immediately due to 
the even distribution of perforations along the apparatus.  In Figure 4.21, however, there 
is only one perforation in the center with an un-perforated area above and below.  Once 
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the proppant fill reaches the perforation (Figure 4.22), the proppant mound develops and 
looks very similar to the mound in Figure 3.10.  This experimental setup with a single 
perforation in the center and un-perfed zones above and below may represent a hydraulic 
fracture that has grown in height both above and below the perforated formation of 
interest.   It can be seen from Figures 4.20-4.22 that no proppant transport will take place 
in a slickwater hydraulic fracture until the proppant mound is built and the traction carpet 
appears.  Until this point, the proppant is only filling up the bottom portion of the fracture 
and will not build a proppant mound and transport proppant until the fill reaches the 
perforations.  So, if an operator is fracturing a formation where height growth is known to 
occur, this operator should strive to fill this bottom portion of the fracture as quickly as 
possible so proppant transport can begin when the fill reaches the perfs, the proppant 
mound accumulates, and the traction carpet appears.   
Many operators pump very large volumes of 0.5 ppg sand concentration stages at 
the start of slickwater jobs.  Some theorize that these large 0.5 ppg stages help achieve 
overall fracture length and also help ensure the well will take the entire frac without 
screening out.  By observing the STIM-LAB trial in Figures 4.20-4.22, one can assume 
that it would take a long period of time to fill the bottom portion of the fracture, 
accumulate a proppant mound, and achieve proppant transport while pumping a 0.5 ppg 
slurry in a fracture that is growing up and down.  Pumping smaller volumes of 0.5 ppg 
concentrations and quickly ramping up to a maximum concentration (possibly 2.0 ppg) 
will help in building a proppant mound and developing a traction carpet that will enable 
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proppant transport to start.  A clean fluid sweep may be useful at this point to clear away 
any bridging or pinchouts (Figure 4.19) that may have occurred in the ramp procedure.  
Once the sweep has been pumped another ramp would start at 0.5 ppg or perhaps 1.0 ppg 
if the well will take it, and ultimately ramp to the maximum concentration.  This design 
should maximize efficiency by building the proppant mound quickly, allowing proppant 
transport to begin, and sustaining a clear proppant transport channel by using this ramp 
and sweep technique.   
It is important to take care and ease into these aggressive pump techniques.  There 
is no use in using a ramp and sweep technique that ramps the sand concentration very 
quickly if the formation of interest needs the larger 0.5 ppg stage in order to pump the 
entire frac volume away.  However, the sweep stages should be incorporated to help 




CHAPTER 5:  FIELD SLICKWATER FRACTURE TREATMENTS:  DESIGN, 
TREATMENT, AND RESULTS 
 
  
Chapter 5 is dedicated to the discussion of how the field slickwater hydraulic 
fracturing tests conducted for this research project were designed for each test well.  The 
chapter is divided into three sections:  1) experimental slickwater treatment design and 
application, 2) test wells for Kerr-McGee Corporation in the Denver-Julesburg (DJ) basin 
and 3) test wells for EnCana Oil and Gas (USA) Inc in the Green River basin (Figure 
5.1).  The last two sections are further divided into the individual slickwater treatments 
performed on each well.  Additional detailed experimental fracture treatment data is 
included in Appendix C. 
 
5.1 Experimental Slickwater Treatment Design and Application 
 Five experimental slickwater treatments were designed to be implemented on 
Kerr-McGee operated gas wells in the DJ basin.  The results of the five slickwater 
treatments are given in Section 5.2.  Eleven experimental slickwater treatments were 
designed for one EnCana (USA) operated well in the Green River basin.  However, only 
seven of these EnCana (USA) treatments were completed at the time of writing this 




Green River Basin 
DJ Basin 
 
Figure 5.1:  The experimental slickwater treatments were conducted in the Denver-
Julesburg (DJ) and Green River basins (Modified from unknown author). 
 
 
Four of these treatments were “sweep-stage” slickwater designs where clean fluid 
stages were incorporated between sand laden stages (Table 5.1).  The purpose of the 
sweep stages is to erode proppant from the proppant mound that accumulates in thin fluid 
applications.  The proppant mound and the effects of the sweep stages can be in seen in 
the STIM-LAB experiments in Section 3.3.  Leak-off within the fracture may reduce the 
velocity within the proppant transport channel and result in a decrease in the proppant 
transport channel height.  How the proppant transport channel height depends on rate can 
be seen in Figures 4.12 - 4.14.  Pinchouts may ultimately occur between the top of the 
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proppant mound and the top of the fracture and impede the transport of proppant further 
into the fracture as discussed in Section 4.3.  It is also stated in Section 4.3 that the 
fracture may experience vertical height growth if proppant cannot be transported past this 
pinchout and net pressure keeps building within the fracture.  Sweep stages may erode 
pinchouts from the proppant transport channel, allow further transport of proppant into 
the fracture, and relieve net pressure within the fracture without breaking into vertical 
height growth.  One wellbore volume of clean fluid was used for each sweep stage. 
The remaining Kerr-McGee experimental slickwater treatment and the EnCana 
(USA) treatments are of the “ramp and sweep” design (Table 5.1).  Sections 3.3 and 4.3 
discuss how quickly ramping the sand concentration will build the proppant mound at a 
faster rate when a fracture is initially experiencing vertical height growth.  The ramp and 
sweep slickwater designs consist of quick ramps in sand concentration to quickly build 
the proppant mound, allow the traction carpet to appear, and begin proppant transport.  
Sweeps are also included to erode any pinchouts that may develop in the proppant 








Table 5.1:  Experimental Slickwater Hydraulic Fracture Treatment Wells 
Well Name/Stage # Operating Company Experimental Slickwater 
Design 
Webber 17-3 Kerr-McGee Corp. Sweep Stage 
Moser 16-4 Kerr-McGee Corp. Sweep Stage 
Dechant 13-1 Kerr-McGee Corp. Sweep Stage 
Karre 20-15 Kerr-McGee Corp. Sweep Stage 
Skyway 6-11 Kerr-McGee Corp. Ramp and Sweep 
SHB 23-33 Stage #1 EnCana (USA) Ramp and Sweep 
SHB 23-33 Stage #2 EnCana (USA) Ramp and Sweep 
SHB 23-33 Stage #3 EnCana (USA) Ramp and Sweep 
SHB 23-33 Stage #4 EnCana (USA) Ramp and Sweep 
SHB 23-33 Stage #5 EnCana (USA) Ramp and Sweep 
SHB 23-33 Stage #6 EnCana (USA) Ramp and Sweep 









5.2 Kerr-McGee Slickwater Fracture Treatments/Denver-Julesburg Basin 
 Kerr-McGee Corporation is one of the largest operators in the Denver-Julesburg 
(DJ) basin, specifically the Wattenberg Field located approximately sixty miles northeast 
of Denver, Colorado.  The Codell Formation, a sandstone, is one of the largest producing 
intervals in this area.  It has a depth of approximately 7,000 ft. and varies from 12 to 15 
ft. thick.  Kerr-McGee often uses slickwater fracturing technology to complete the 
Codell.  An example of a typical slickwater frac design is shown in Table 5.2.  Notice an 
initial pad stage (stage 1) is pumped followed by a reverse step rate or step down analysis 
(stage 2).  The main treatment including a second pad stage, the sand-laden stages, and 
flush are then pumped (stages 3 - 13). 
Experimental slickwater pumping methods, formulated from the sensitivity 
analysis and observations of the STIM-LAB experiments and the resulting power and bi-
power laws, were discussed in Section 4.4.  The first test slickwater design that Kerr-
McGee chose to pump was the “sweep” design.  The sweep design consists of a wellbore 
volume of clean fluid pumped between every sand laden stage (Table 5.3, stages 5, 7, 9, 
11).  The purpose of the sweep stage design is to erode away the front portion of the 
proppant mound that had accumulated, as well as parts of the top of the proppant mound.  
Eroding this proppant further into the fracture will potentially achieve longer propped 
half-lengths and keep treating pressures lower than normal slickwater design values by 
avoiding possible pinchout regions and the resulting increase in treating pressure, height 
growth, and potential screen out.   
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Kerr-McGee has had success in the past by pumping one wellbore volume of 
clean fluid when treating pressures seem to be rising and approaching a screen out.  The 
clean fluid will temporarily increase the surface treating pressure because of the loss of 
hydrostatic head in the wellbore, but will erode or wash away any bridging or pinchouts 
and allow the surface treating pressure to return to a safe level.  The idea behind adding 
four planned sweep stages to the normal slickwater design is to bypass the “judgment 
factor” as to when to pump the one clean fluid stage.  Adding four planned clean fluid 
stages will sweep more proppant into the fracture, enabling the job to be pumped below 
the maximum pressure limitation, and allowing the entire job to be pumped without 
screening out and having to terminate the treatment early.  According to Kerr-McGee 




























































































































5.2.1 Webber 17-3 Sweep Stage Slickwater Treatment 
 The first Kerr-McGee well treated with a sweep stage slickwater design was the 
Webber 17-3, NWNE Sec. 3 T3N R66W.  It was a newly drilled well, perforated with 60 
shots from 7,299 to 7,314 ft.  Again, the sweep stage slickwater design used in this well 
is shown in Table 5.3.  As noted earlier, it is routine to pump an initial pad volume and 
conduct a step down test on each Kerr-McGee slickwater frac.  Clean fluid is pumped and 
the formation is broken down, which can be seen on a treating pressure plot by a slight 
drop in treating pressure.   
Once the formation has been broken down and rate has been established, the rate 
is stepped down two to three times, letting the pressure stabilize each step.  Once the 
pressure has stabilized on the final step, the rate is completely dropped and an ISIP 
(initial shut-in pressure) value is read.  From this ISIP value, the numbers of open 
perforations are calculated.  The injected fluid is then allowed to leak-off for five minutes 
and another pressure value is taken after the five minutes, giving an indication of the 
amount of leak-off that will be encountered during the remainder of the job.  This five-
minute leak-off can also give an indication of the permeability.  An initial shut-down 
pressure (ISDP) is also recorded upon the completion of the job.  This value is usually 
used to calculate the amount of net pressure gained throughout the treatment.  The 
Webber 17-3 experienced significant leak-off with 1,677 psi leak-off during the five-
minute period.  According to Kerr-McGee personnel, wells that experience significant 
leak-off when compared with other field wells after ISIP are generally not high producers 
 87
and have production rates considerably lower than wells with less leak-off.  Other 
important values calculated from the step down test are the friction values associated with 
the near wellbore region, the perforations, and the tubulars.  Once the step down test has 
been performed the rest of the job is pumped starting with the second pad and followed 
by the sand laden stages.  Treatment data and values calculated from the step down test 
conducted on the Webber 17-3 are shown in Table 5.4. 
 











































The treatment plot of the Webber 17-3 is shown in Figure 5.2.  The initial pad 
volume was cut by 5,000 gal. from the design (Table 5.3) due to low available water 
volumes.  One pump truck quit operating about thirty minutes into the job resulting in a 
lower pump rate (48 bpm) than originally designed (60 bpm).  It can be seen in Figure 5.2 
that the treating pressure rises when the sweep stages are in the wellbore due to a 
decrease in hydrostatic head in the wellbore.  Care must be taken when pumping at this 
point not to go over the maximum treating pressure of 5,300 psi.  Treating pressures were 
nearing this cutoff about ninety minutes into the frac, therefore the friction reducer was 
increased from 1.0 gal/Mgal to 1.5 gal/Mgal to attempt to reduce friction and keep the 
treating pressures down.  Pressures were still increasing and the rate had to be dropped to 
36 bpm to avoid exceeding maximum treating pressure.  The pump rate was then brought 
back up to 44 bpm.  The job was finished at this rate, pumping the job to completion 






























































































































It can be seen on the surface treating pressure and the calculated bottomhole 
pressure that the sand-laden stage following the sweep begins at a lower pressure then 
when the sweep began.  This behavior can be seen clearly before and after the first sweep 
stage on the Webber 17-3 treatment.  This reduction in pressure may be the result of the 
sweep stage eroding away the parts of the proppant mound and any pinchouts that may 
inhibit transport and cause treating pressure increases and height growth.   
A net pressure plot of the Webber 17-3 treatment is included in Figure 5.3.  Net 
pressure is defined as the fracturing pressure at the formation face minus the closure 
pressure (Equation 5.1).   
closurefracurenet PPP −=                 (Eq. 5.1) 
Closure pressure is the pressure applied against the opened fracture by the formation and 
is roughly equal to the minimum horizontal stress.  One can learn and understand a lot 
about the hydraulic fracture by plotting the net pressure on a Nolte and Smith (1981) log-
log plot.  A Nolte and Smith plot is shown in Figure 5.4 where net pressure and time are 
plotted on a log-log scale.  It is stated in Gidley, Holditch, Nierode, and Veatch (1989) 
that four individual modes may exist during a hydraulic fracture treatment:  Mode I, II, 
III, and IV.  Mode I is fracture extension in the horizontal direction with restricted height 
growth.  This is the preferred mode for most treatments.  Mode II represents unstable 
growth in all directions and may be thought of as a frac growing in a penny shape.  Mode 
III consists of restricted growth in all directions which may result in a screen out.  
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Figure 5.3:  Webber 17-3 sweep stage slickwater net pressure plot. 
Manually dropped rate to avoid 
















Figure 5.4:  Nolte-Smith log-log net pressure plot (Gidley et al., 1989). 
 
Three offsets to the Webber 17-3, all within one half of a mile, were chosen to 
compare net pressure responses and gas production.  All three offsets were stimulated 
using Kerr-McGee’s usual slickwater fracture design (Table 5.2).  The Webber 24-3 and 
Shutt 20-34 treatment plots are shown in Figures B.1 – B.2 and net pressure plots in 
Figures B.3 – B.4 in Appendix B.  The Webber 9-3 treatment and net pressure plots 
cannot be created due to insufficient data.  The initial production (IP) rate and thirty-day 
cumulative gas production for the Webber 17-3 and all three offsets are shown in Table 
5.5.  Thirty-day gas rate plots for the Webber 17-3 and the offsets are also shown in 
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Figures B.5 - B.8.  Days with zero production due to down-time were accounted for by 
adding additional producing days to the thirty-day cumulative value.     
 
 
Table 5.5:  Webber 17-3 and Offset Wells Initial Production Rate and Thirty-Day 
Cumulative Gas Production 
























5.2.2 Moser 16-4 Sweep Stage Slickwater Treatment 
 The second test well in which Kerr-McGee chose to pump a sweep stage 
slickwater job was the Moser 16-4, SESE Sec. 4 T2N R65W.  The Moser 16-4 was also a 
newly drilled well, perforated with 56 shots from 7,158 to 7,172 ft.  The sweep stage 
slickwater design is the same as the Webber 17-3 (Table 5.3).  The results of the step 
down test and other treatment data are shown in Table 5.6.  The Moser 16-4 had 
significant less leak-off than the Webber 17-3 which may be an indication of better 
production from the Codell.  The treatment plot for this particular job is shown in Figure 
5.5 and the net pressure plot in Figure 5.6. 
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Figure 5.6:  Moser 16-4 sweep stage slickwater net pressure plot. 
 
The majority of the job was pumped at 60 bpm which is the designed rate.  A 
pump went down 75 minutes into the job and dropped rate to 56 bpm.  The friction 
reducer was increased to 1.5 gal/Mgal during the 1.5 ppg stage to try and reduce friction 
and lower treating pressures.  Additional rate was added as a result of the friction reducer.  
Rate had to be dropped down to 57 bpm during the fourth sweep stage to keep from 
reaching maximum treating pressure.  The job was easily completed, and the entire frac 
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was pumped away without a screen out.  Like the Webber 17-3, the sweeps in the Moser 
16-4 also appeared to reduce the treating and bottomhole pressures between the time they 
hit the wellbore to the time the next sand laden stage began.  This is apparent on the 
second sweep of the Moser 16-4 in Figure 5.5. 
 Three offsets to the Moser 16-4, again all within one half of a mile, were chosen 
to compare net pressure responses and gas production.  All three offsets were stimulated 
using Kerr-McGee’s typical slickwater fracture design (Table 5.2).  The treatment plots 
for these offsets are presented in Figures B.9 – B.11 and the net pressure plots in Figures 
5.12 – 5.14.  The Moser 16-4 along with the three offsets are listed in Table 5.7 with their 
respective IP’s and thirty-day cumulative gas production values.  Thirty-day gas rate 
plots for the Moser 16-4 and its offsets are shown in Figures B.15 – B.18. 
 
Table 5.7:  Moser 16-4 and Offset Wells Initial Production Rate and Thirty-Day 
Cumulative Gas Production 
















5.2.3 Dechant 13-1 Sweep Stage Slickwater Treatment 
 The third test well in which Kerr-McGee chose to pump a sweep stage slickwater 
job was the Dechant 13-1, SWSW Sec. 1 T2N R65W.  The Dechant 13-1 was also a 
newly drilled well, perforated with 56 shots from 7,090 to 7,104 ft.  The sweep stage 
slickwater design is again shown in Table 5.3.  The results of the step down test and other 
frac data are shown in Table 5.8.  The Dechant 13-1 also had significant less leak-off 
which may again be an indication of better production from the Codell.  The treatment 
plot for this particular job is shown in Figure 5.7 and the net pressure plot is in Figure 
5.8. 
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Figure 5.8:  Dechant 13-1 sweep stage slickwater net pressure plot. 
 
The job began at the designed rate of 60 bpm but the friction reducer was 
accidentally cut and the rate had to be dropped to 47 bpm to avoid reaching maximum 
treating pressure.  The friction reducer was restored and rate was again bumped up to 60 
bpm.  It can once again be seen in the treatment plot (Figure 5.7) that the sand laden stage 
following the sweep starts at a lower treating and bottomhole pressure than the previous 
sand stage ended.  The rate had to be dropped to 56 bpm during the third sweep stage to 
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avoid maximum pressures.  It was then brought back up to 58 bpm for the remainder of 
the job.  Like the previous two test wells, the Dechant 13-1 sweep stage slickwater frac 
was pumped to completion without screening out.  
 Three offsets to the Dechant 13-1, once again all within one half of a mile, were 
chosen to compare net pressure responses and gas production.  All three offsets were 
stimulated using Kerr-McGee’s usual slickwater fracture design.  The treatment plots for 
these can be seen in Figures B.19 – B.21 while the net pressure plots are presented in 
Figures B.22 – B.24.  The Dechant 13-1 along with the three offsets are listed in Table 
5.9 with their respective IP’s and thirty-day cumulative gas production values.  The 




Table 5.9:  Dechant 13-1 and Offset Wells Initial Production Rate and Thirty-Day 
Cumulative Gas Production 















5.2.4 Karre 20-15 Sweep Stage Slickwater Treatment 
The fourth test well in which Kerr-McGee chose to pump a sweep stage 
slickwater job was the Karre 20-15, NESE Sec 15 T5N R65W.  The Karre 20-15 was also 
a newly drilled well, perforated with 48 shots from 7,104 to 7,120 ft.  According to Kerr-
McGee personnel, this area is extremely difficult to completely pump fracs without 
screening out.  Slickwater jobs in this area are often pumped at lower rates and lower 
sand concentrations.  Designs are sometimes altered to place smaller total sand volumes 
than Kerr-McGee’s usual 115,000 lbs.  This sweep stage slickwater job, however, was 
pumped to completion and placed 100% of the 115,000 lbs. designed sand.  The results of 
the step down test and other frac data are shown in Table 5.10.  The treatment plot for 
this particular job is shown in Figure 5.9 and the net pressure plot in Figure 5.10. 
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Figure 5.10:  Karre 20-15 sweep stage slickwater net pressure plot. 
 
The Karre 20-15 sweep stage slickwater job began treating around 5,100 psi at the 
surface, only 200 psi from maximum treating pressure.  The frac continued to treat at 
high pressures throughout the entire job.  Notice the hydrostatic pressure decrease and the 
surface treating pressure increase as the sweeps enter the wellbore.  Pump rate had to be 
dropped at least ten times to avoid exceeding maximum treating pressure.  All four sweep 
stages were pumped and sand concentrations of 2.0 ppg were pumped just as designed 
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(Table 5.3).  The Karre 20-15 sweep stage slickwater job was pumped to completion and 
placed 115,000 lbs, sand in the formation. 
 Three offsets to the Karre 20-15 were chosen to compare net pressure responses 
and gas production.  Only one offset is within one half of a mile (Lorenz 16-15) while the 
other two (Hoff 1-27 and Dejong 3-24) are one and a half miles from the Karre 20-15.  
All three offsets were stimulated using shortened versions of Kerr-McGee’s conventional 
slickwater fracture design.  Slickwater treatments performed on these three offsets were 
pumped at low rates and low sand concentrations throughout the job in order to avoid 
screening the wells out.  Designed sand volumes were also decreased.  Unplanned 
spacers were pumped in all three offsets to try and reduce the treating pressure but two of 
the jobs screened out anyhow.  These two jobs were flown back and the frac was 
continued at low rates and sand concentrations.  Treatment plots are shown in Figures 
B.29 – B.31 while the net pressure plots can be seen in Figures B.32 – B.33.  Due to 
insufficient data a net pressure plot of the Lorenz 16-15 cannot be created.  The Karre 20-
15 only has twenty-five days of production at the time of writing and is listed along with 
the three offsets in Table 5.11 with their respective IP’s and twenty-five day cumulative 
gas production values.  The twenty-five day gas production of the Karre 20-15 and its 
offsets are shown in Figures B.34 – B.37.  Notice the difference in scales between the 




Table 5.11:  Karre 20-15 and Offset Wells Initial Production Rate and Twenty-Five Day 
Cumulative Gas Production 










6,235 792 1,154 828 
 
 
5.2.5 Skyway 6-11 Ramp and Sweep Slickwater Treatment 
 Kerr-McGee also pumped a “ramp and sweep” slickwater design in a new Codell 
well in the DJ basin.  Ramp and sweep slickwater designs are explicitly explained in 
Section 4.3, but the idea behind the design is to ramp the sand concentration quickly, 
compared to a normal design, and pump clean fluid stages between ramps.  An example 
of the ramp and sweep design used on the Kerr-McGee wells in the DJ basin are shown 
in Table 5.12.  The idea behind the quickly ramping portion of the design is to 
accumulate the proppant mound and traction carpet, seen in the STIM-LAB trials (Figure 
3.11), and allow proppant transport to begin.  This is especially important in formations 
where height growth occurs below the zone of interest.  It can be seen in Figures 3.10 and 
3.11 that proppant transport does not occur until the mound is built and the traction carpet 
appears.   
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Many slickwater designs (Kerr-McGee’s conventional design included) 
incorporate a large volume of 0.5 ppg sand laden stage to assure the fracture is open and 
has substantial length before higher sand concentration stages are pumped.  It is thought 
by many operators that doing so will reduce the risk of screening out during the job.  
However, pumping as large of a 0.5 ppg stage, as in Table 5.2, will take a huge amount of 
time to accumulate a proppant mound and begin proppant transport, especially in 
fractures that tend to grow below the perforations as in the Codell treatments.  By 
ramping the sand concentration quickly, as in the ramp and sweep design, sand will build 
the proppant mound faster, allowing the traction carpet to appear and transport to begin.  
The sweeps are also included in the ramp and sweep design to erode and wash proppant 
further into the fracture and clear away any pinchouts or obstructions that could 
potentially cause additional height growth or a screen out by increasing treating pressure.  
This will enable more proppant to be transported into the fracture, in the zone of interest, 




































































The test well in which Kerr-McGee chose to pump a ramp and sweep slickwater 
job was the Skyway 6-11, SWNW Sec 11 T5N R67W.  The Skyway 6-11 was also a 
newly drilled well, perforated with 66 shots from 7,486 to 7,508 ft.  The ramp and sweep 
slickwater design is again shown in Table 5.12.  The results of the step down test and 
other frac data are shown in Table 5.13.  The treatment plot for this particular job is 
shown in Figure 5.11 and a net pressure plot is included in Figure 5.12.   
 


































3,045 2,968 4,190 58.5 4,580 59.9 
  
 
The entire Skyway 6-11 ramp and sweep slickwater job was pumped around 58 
bpm.  The treating pressures were at a safe level throughout the treatment.  This frac was 
pumped to completion and put 100% of the designed sand in formation with the only 
increase in treating pressure occurring from the loss of hydrostatic head during the 
sweeps.  The densometer at the blender was malfunctioning so the wellhead densometer 
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Sweeps hit perforations 
Figure 5.12:  Skyway 6-11 ramp and sweep slickwater net pressure plot. 
 
Only two offsets to the Skyway 6-11 were chosen due to the lack of slickwater 
jobs in the area.  The Skyway 5-11 is under one half of a mile from the Skyway 6-11 
while the Weideman 7-21 is two miles away.  Both offsets were stimulated using Kerr-
McGee’s conventional slickwater fracture design and the treatment plots are shown in 
Figures B.38 – B.39 along with the net pressure plots in Figures B.40 – B.41.  Only 
eighteen days of production is available at the time of writing.  The Skyway 6-11 along 
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with the offsets are listed in Table 5.14 with their respective IP’s and eighteen-day 
cumulative gas production values.  The eighteen-day gas production of the Skyway 6-11 
and its offsets are shown in Figures B.42 – B.44.  
 
Table 5.14:  Skyway 6-11 and Offset Wells Initial Production Rate and Eighteen-Day 
Cumulative Gas Production 
 Skyway 6-11 Skyway 5-11 Weideman 7-21 
Initial Production 
Rate (mcfd) 




2,728 1,401 2,439 
 
 
It must be mentioned that considerable planning and care needs to be taken by the 
service company pumping the sweep stage and ramp and sweep slickwater designs.  Sand 
concentrations increase very rapidly compared to normal jobs and the crew must be 
aware of this prior to the job to avoid potential confusion.  It also may be somewhat of a 
surprise for both the operator and the service company representatives to see the increase 
in treating pressure when the clean fluid stages enter the wellbore.  Care needs to be 
taken not to go above maximum treating pressure and to decrease rate if needed to avoid 




5.3 EnCana Oil and Gas (USA) Inc. Slickwater Treatments/Green River Basin 
 EnCana Oil and Gas (USA) Inc. chose to pump a test ramp and sweep slickwater 
design in the Jonah Field, located in the Green River basin.  Jonah is located about 70 
miles north of Rock Springs, Wyoming.  The reservoirs in Jonah consist of lenticular 
sands with alternating layers of sand and shale.  The wells are typically split into 9 to 12 
intervals and completed in stages starting from the bottom of the well and working up.  
Each interval is perforated in perforation sets, or entry points.  Typically a stage will have 
around five entry points, each consisting of a set of perforations.  For example, the 
bottom interval of a new well is perforated and fractured with Stage #1.  A frac plug is 
then set above this interval allowing the well to flowback for four to five days.  Stage #2 
is then perforated, and the next several layers are fractured with the frac plug acting as a 
seal from the lower layers.  This process is continued until the entire well has been 
stimulated.  The SHB 23-33 is the test well chosen for this project and consists of eleven 
stages.  It is compared to the SHB 26-33, an offset well, that was completed with EnCana 
(USA)’s conventional slickwater design.  All fluid volumes and sand volumes were 
calculated by EnCana (USA) engineers depending on the amount of net pay in each 
completion stage.  EnCana (USA) believes 2.0 bbl/min/perf is required to keep the flow 





5.3.1 SHB 23-33 Ramp and Sweep Slickwater Treatment 
Each ramp and sweep test stage in the SHB 23-33 begins by ramping from 0.5 
ppg to 2.0 ppg, sweeping with 10,000 gals. clean fluid, starting back with 1.0 ppg, and 
ramping to 2.0 ppg again.  The second ramp does not start at 0.5 ppg like the first ramp 
because it is assumed the fracture is open and is accepting fluid and sand so there is no 
reason to start again with a lower concentration.  This also conserves clean fluid volume 
and pump time.  This particular design is a bit different from the Kerr-McGee “ramp and 
sweep” in that only one sweep is pumped in between two ramping stages.  So each 
individual stage will ramp, sweep, and ramp once more.  The well is then allowed to 
flowback for four to five days until the next stage is pumped. 
 Again, the idea behind the ramp and sweep design is to ramp sand concentration 
quickly, building the proppant mound and allowing transport to begin.  The sweep is 
especially important in this scenario because there is not one single formation that is 
treated.  Instead there are many thin sands within a frac interval.  This means five or more 
potential entry points are available in an interval of 50 to 150 ft. in thickness.  Stresses 
can change significantly within 50 to 150 ft. and can result in one set of perforations or 
entry point screening out and not taking sand before the rest.  Sand may also fall to the 
bottom and build up and cover the bottom set of perfs.  It is assumed that this will happen 
with a quickly ramped design too.  The sweep will help clear sand from these 
perforations, allowing them to take sand in the next ramp stage.  The sweep will also act 
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on the proppant mound, eroding part of it further into the fracture and allowing more 
proppant transport to take place without any pinchouts, bridging, or net pressure build up.   
The offset to the SHB 23-33 is the SHB 26-33, which was treated with EnCana’s 
conventional slickwater design the same time the SHB 23-33 was treated with the ramp 
and sweep slickwater design.  The SHB 26-33 will be discussed in Section 5.3.2. 
 
SHB 23-33 Stage #1 
 Table B.1 presents the slickwater treatment design for the SHB 23-33 Stage #1 
(ramp and sweep).  Table 5.15 shows the Stage #1 step down analysis along with other 
treatment data for this completion.  The SHB 23-33 Stage #1 treatment plot can be seen 
in Figure 5.13 while the net pressure plot is in Figure 5.14.   
This ramp and sweep slickwater frac pumped smoothly for being new in the field.  
There were a few problems with the pumps which caused the rate to act erratic during the 
first ramp.  This was remedied and the rate leveled out at 30-32 bpm.  It can be seen in 
Figure 5.13 that when the sweep stage is in the wellbore the hydrostatic pressure 
decreases and causes an increase in treating pressure, very similar to the Kerr-McGee 
sweep stage and ramp and sweep jobs.  An increase in treating pressure may indicate the 
loss of a set of perforations about 80 minutes into the frac during the second 1.5 ppg 
stage.  The pump rate kicked out to ensure maximum treating pressure (8,300 psi) was 
not reached and came back up to about 25 bpm for the remainder of the job.  This SHB 
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Figure 5.14:  SHB 23-33 Stage #1 ramp and sweep slickwater net pressure plot. 
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SHB 23-33 Stage #2 
 The SHB 23-33 ramp and sweep Stage #2 design is shown in Table B.2.  The step 
down results and other treatment data for the job are shown in Table 5.16.  The SHB 23-
33 Stage #2 treatment plot and net pressure plot are presented in Figure 5.15 and 5.16.  
Subzero weather conditions caused significant problems with the pumps, and it can be 
seen that the rate was very jumpy throughout the beginning of the first ramp.  The rate 
leveled out to 28 bpm during the 1.0 ppg stage.  A sharp increase in pressure may 
indicate a set of perfs may have been lost during the 2.0 ppg stage just before the sweep 
stage.  The treating pressure began to rise as the hydrostatic dropped in the wellbore 
throughout the sweep.  The treating pressure and bottomhole pressure begins to decrease 
when the sweep hits bottom just before a pump came back online and increased the rate 
to 33 bpm to start the second ramp.  Treating pressure started to drop and continued to do 
so until the 2.0 ppg stage hit bottom and the job began to screen out.  Rate was decreased 
throughout the flush to ensure treating pressures were below maximum and a screen out 
did not occur.  There was a shortage of sand so the 2.0 ppg stage was cut a little short.  
The SHB 23-33 Stage #2 ramp and sweep treatment was pumped to completion and 









































































































































Sweep stage hit perfs and 
lowered net pressure 
without losing rate 
Increase in net pressure 
due to fracture entering 
screen out mode (Mode 
III) (Rate is constant) 
1.75 ppg stage hit perfs 
Figure 5.16:  SHB 23-33 Stage #2 ramp and sweep slickwater net pressure plot. 
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SHB 23-33 Stage #3 
 The SHB 23-33 Stage #3 ramp and sweep design is presented in Table B.3.  The 
pre-job step down analysis results and stage data are in Table 5.17.  The SHB 23-33 
Stage #3 treatment and net pressure plots can be seen in Figures 5.17 and 5.18.  It can be 
seen on the treatment plot that the pumps kept kicking out during the pad and the 0.5 ppg 
stage.  More pump problems were encountered during the 1.5 ppg stage and ratty rates 
were the result.  Since treating pressures were climbing close to maximum at the end of 
the first ramp, it was decided to drop the rate to give room for the increase in treating 
pressure when the sweep entered the wellbore.  Spikes in treating pressures also indicate 
two sets of perforations were lost when the 1.5 ppg and 2.0 ppg stages hit the perfs.  A 
decrease in hydrostatic can be seen when the sweep enters the wellbore, very similar to 
previous jobs.  Treating pressures stayed quite flat after the sweep and continued flat 
while the crew was trying to achieve as much rate as possible.  Two pumps kicked out 
during the second 1.5 ppg stage resulting in more erratic rate behavior.  The job was 
pumped to completion without screening out even though the designed rate of 36 bpm 




























































































































































































Sweep stage hit perfs 
1.75 ppg stage hit perfs 
Increase in net pressure 
due to pump failure and 
temporary loss of rate 
Figure 5.18:  SHB 23-33 Stage #3 ramp and sweep slickwater net pressure plot. 
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SHB 23-33 Stage #4 
 The SHB 23-33 Stage #4 ramp and sweep slickwater design is listed in Table B.4 
while Table 5.18 contains the step down analysis results and other job information.  The 
treatment plot (Figure 5.19) of Stage #4 shows high initial treating pressures that 
gradually decrease after the rate levels out.  Calculations performed by the crew 
throughout the job only showed nine out of fifteen open perforations compared to the 
eleven out of fifteen calculated from the step down test.  The 2.0 ppg stage was skipped 
and the 1.5 ppg stage was cut short due to high treating pressures.  The sweep was 
pumped early to try and open perforations and allow the completion of the job.  The 
treating pressure was still causing pumps to kick out and lose rate so flush was initiated 
and the job screened out with 4,200 lbs. 1.5 ppg sand in the wellbore and 22,000 lbs. of 
the 80,000 lbs. designed sand in the formation.  The friction reducer was increased form 
0.5 gal/Mgal to 1.0 gal/Mgal when the treating pressures began to increase.  The friction 
reducer did not seem to have as much of an effect on reducing pipe friction and treating 
pressures as is normally seen, according to the crew.  The 22 F degrees below 0 F 



















































































































































































Treatment screened out 
before sweep due to high 
treating pressures 
Figure 5.20:  SHB 23-33 Stage #4 ramp and sweep slickwater net pressure plot. 
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SHB 23-33 Stage #5 
 The SHB 23-33 Stage #5 pumped much better than the previous Stage #4.  The 
Stage #5 ramp and sweep design can be seen in Table B.5.  The step down test results and 
other job data are in Table 5.19 while the treatment and net pressure plots are shown in 
Figures 5.21 and 5.22.  The rate was increased slowly to the designed value of 42 bpm 
due to high treating pressures.  This rate was reached at the end of the 0.75 ppg stage.  At 
this point, a pump had to be taken offline to fix a hose.  The rate was brought back to 42 
bpm during the 1.5 ppg stage.  Similar to other stages, the hydrostatic decreased when the 
sweep entered the wellbore and caused a slight increase in treating pressure.  Notice, 
though, that the treating pressure is lower at the end of the sweep stage than when it 
started.  This could be an indication of eroding the proppant mound or clearing sand away 
from the perfs or near wellbore region.  The crew was then able to increase rate past the 
designed value to just under 45 bpm.  Communication was lost with the blender during 
the 2.0 ppg stage so the treatment plot does not show a 2.0 ppg stage.  The densometer at 
the wellhead, however, was working and verified the 2.0 ppg sand laden stage.  This 2.0 
ppg stage was lengthened by about 10,000 gals. to use up leftover sand from the previous 

































































































































































Example of fracture height 
growth (Mode IV) 
Sweep stage hit perfs 
Rate problems caused 
increase in net pressure 
Net pressure increase (1.75 ppg is 
already on bottom) 
Figure 5.22:  SHB 23-33 Stage #5 ramp and sweep slickwater net pressure plot. 
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SHB 23-33 Stage #6 
 The SHB 23-33 Stage #6 ramp and sweep slickwater design is presented in Table 
B.6.  The step down results and job data are in Table 5.20 and the treatment plot is in 
Figure 5.23.  A net pressure plot can be seen in Figure 5.24.  The designed rate of 36 bpm 
was easily reached at the beginning if the job.  Wet sand and a broken hose on one of the 
pumps resulted in erratic rate and sand concentration behavior in the first 1.5 ppg, 1.75 
ppg, and 2.0 ppg stages.  The sweep entered the wellbore and an increase in treating 
pressure is once again observed.  The rate leveled out and the rest of the job was pumped 
without issue.  The SHB 23-33 Stage #6 was pumped to completion without encountering 
a screen out.   
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SHB 23-33 Stage #7 
 Table B.7 contains the SHB 23-33 Stage #7 ramp and sweep slickwater design.  
The step down results and job parameters are listed in Table 5.21, while the treatment and 
net pressures plots shown in Figures 5.25 and 5.26.  The majority of the job was pumped 
well above the designed rate of 36 bpm.  A minor drop in rate occurred during the 0.75 
ppg stage but was quickly brought back up to 45 bpm.  The treating pressure rose 
drastically and a set of perforations may have been lost when the 1.5 ppg stage hit 
bottom.  The rate had to be dropped as a result.  The sweep was pumped at a lower rate 
initially, but by the end of the stage the rate was able to be increased.  The sweep may 
have cleared some perforations of sand because at the end of the job 17/18 holes were 
calculated open.  Pump problems caused the pump rate to fall during the second 1.25 ppg 
stage but it was increased once again.  The 1.75 ppg stage volume was increased and the 
2.0 ppg was cut from the schedule due to worries about the 2.0 ppg hitting the perfs and 
beginning to screen out similar to the first ramp.  Treating pressures began to rise toward 
the end of the 1.75 ppg stage and rose sharply during the flush period.  Flush may have 
been called a little early due to increasing net pressures.  The SHB 23-33 Stage #7 job 





















































































































































































































Sweep stage hit perfs 
Rate drops due to pump 
issues just after 1.0 ppg 
stage hits perfs 
1.5 ppg stage hit perfs as 
rate drops unexpectedly 1.75 ppg stage hits perfs 
Figure 5.26:  SHB 23-33 Stage #7 ramp and sweep slickwater net pressure plot. 
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5.3.2 SHB 26-33 Conventional Slickwater Treatment 
The SHB 26-33 is an offset to the SHB 23-33 and was treated with a conventional 
slickwater treatment.  EnCana’s conventional slickwater design consists of ramping the 
sand concentration to 2.0 ppg one time over the length of the job without introducing any 
sweep stages or multiple ramps. 
 
SHB 26-33 Stage #1 
The SHB 26-33 Stage #1 design can be seen in Table B.8.  The step down results 
and various treatment data are shown in Table 5.22.  The SHB 26-33 Stage #1 slickwater 
frac treatment can be seen in Figure B.45 and a net pressure plot in Figure 5.27.  The 
treatment began and the rate leveled out at 25-30 bpm throughout the job until a set of 
perforations was lost at the end of the 1.75 ppg stage.  The rate was dropped to 26 bpm 
for the rest of the frac.  There was not quite enough sand on location to place the 
designed 122,500 lbs. so only 112,000 lbs. was placed in the formation. 
 
















































Example of radial (penny-shape) growth (Mode II) 
1.75 ppg stage hits perfs 









SHB 26-33 Stage #2 
The SHB 26-33 Stage #2 design is shown in Table B.9.  Step down analysis 
results and other data are shown in Table 5.23.  The SHB 26-33 Stage #2 slickwater job 
treatment plot can be seen in Figure B.46 while the net pressure plot is in Figure 5.28.  
The job began at almost 40 bpm but a pump kicked out during the 0.5 ppg stage due to 
treating pressure and dropped to just over 35 bpm.  The job continued treating around 35 
bpm until a truck went down during the 1.25 ppg stage.  It came back online for a few 
minutes but dropped off again during the 1.5 ppg stage.  Three more pumps went down 
and flush was called early.  Treating pressures spiked and the job screened out before all 
sand could be displaced from the wellbore.  The SHB 26-33 Stage #2 job screened out 
before completion and was only able to place 157,000 lbs. sand in the formation out of 
237,500 lbs. designed. 
 





















































1.5 ppg stage hits perfs 
1.0 ppg stage hits perfs 
1.25 ppg stage hits perfs and rate drops due to pump 
problems just before large increase in net pressure 
(rate continues to drop for the rest of the job) 








SHB 26-33 Stage #3 
 The SHB 26-33 Stage #3 conventional slickwater design can be seen in Table 
B.10.  The step down analysis results and job data are shown in Table 5.24, and the 
treatment plot is presented in Figure B.47.  A net pressure plot is also included in Figure 
5.29.  The job began at 30 bpm and soon ran into pump problems that resulted in erratic 
rates.  The pump rate leveled back out to 33 bpm until the 1.25 ppg stage, where a set of 
perfs was lost and rate had to be dropped to avoid exceeding maximum treating pressure.  
Another set of holes were lost during the 1.5 ppg stage which resulted in an even lower 
pump rate.  Both the 1.75 ppg and the 2.0 ppg stages were shortened in fear of screening 
the job out.  The treatment ultimately screened out with 800 gals. left in the flush.  
Ninety-five percent (116,660 lbs.) of the designed sand was placed in the formation while 
leaving 1,600 lbs. of 2.0 ppg in the casing.   
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SHB 26-33 Stage #4 
 The SHB 26-33 Stage #4 conventional design is shown in Table B.11.  The step 
down values and treatment parameters are listed in Table 5.25, while the treatment plot 
can be seen in Figure B.48 and the net pressure plot in Figure 5.30.  This treatment 
started out with a few pump problems during the 0.75 ppg and 1.0 ppg stages.  Treating 
pressures were high throughout the job and rate finally had to be dropped at the 
beginning of the 1.25 ppg stage.  Flush was called extremely early and the well screened 
out with 55% (198,884 lbs.) in the formation with a maximum concentration of 1.25 ppg.   
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Rate is lost due to pump malfunction just 
before 1.0 ppg stage hits.  The treatment 
eventually screens out. 









SHB 26-33 Stage #5 
 The SHB 26-33 Stage #5 treatment design is listed in Table B.12.  The step down 
analysis results and treatment parameters are presented in Table 5.26, while the treatment 
plot is shown in Figure B.49.  A net pressure plot is also included in Figure 5.31.  The 
treating pressure throughout most of the job was relatively low even though a few rate 
problems occurred.  Pumps began to experience problems during the 1.25 ppg stage and 
this appeared to contribute in the loss of some perfs.  Approximately one-third of the total 
perfs shot appeared open by the 1.75 ppg stage.  A screen out was inevitable so flush was 
called early and the well pressured out.  The SHB 26-33 Stage #5 treatment ultimately 
screened out during the 1.75 ppg stage and placed 71% of the designed sand in the 
formation.   
 















































 3.000  30.00  300.0




1.25 ppg stage hits perfs and rate drops due pump failure; 
treatment ultimately screens out 
1.5 ppg stage hits perfs 
1.0 ppg stage hits perfs 









SHB 26-33 Stage #6 
 The SHB 26-33 Stage #6 design is shown in Table B.13.  The step down test 
results and treatment parameters can be seen in Table 5.27 while the treatment plot is 
included in Figure B.50.  The net pressure plot for this particular treatment cannot be 
seen due to computer and measurement errors.  This particular treatment went smooth 
from the beginning with only a few minor variations in pump rate.  Rate had to be 
deliberately dropped when the 1.0 ppg stage hit the formation and caused a spike in 
treating pressure.  Rate was brought back up to 50 bpm for the remainder of the job.  The 
SHB 26-33 Stage #6 job was pumped to completion without screening out the well.   
 















































SHB 26-33 Stage #7 
 The SHB 26-33 Stage #7 conventional slickwater design can be seen in Table 
B.14.  The step down results and job data are in Table 5.28 while the treatment plot is 
shown in Figure B.51.  The net pressure plot can be seen in Figure 5.32.  A pump rate of 
40 bpm was achieved initially and was maintained throughout the rest of the job.  An 
interesting increase in treating pressure is observed at the end of the 0.75 ppg stage.  
Another spike in treating pressure occurs when the 1.25 ppg stage hits the perforations.  
Both increases in pressure were well below the maximum treating pressure of 8,300 psi 
and did not require a drop in rate.  The blender seized up during the 1.5 ppg stage and 
flush had to be called early, placing 78% of the designed sand in the formation.   
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CHAPTER 6:  DISCUSSION 
 
 Chapter 6 is a discussion regarding the results of the field sweep stage and ramp 
and sweep slickwater fracture treatments performed by both Kerr-McGee Corporation 
and EnCana Oil and Gas (USA).  Discussion of operations, net pressure responses, and 
production aspects are included for the test wells along with their corresponding offsets. 
How these results relate to the power and bi-power law predictions and STIM-LAB 
experiment observations is also included. 
 
6.1 Operations 
How the sweep stages and ramps affected the operations of the field test 
slickwater jobs is the first topic of this chapter.  Communication between the operator, 
the service company representative, and the frac crew is crucial when pumping any kind 
of hydraulic fracture.  This is especially true, however, when a design is applied that may 
be new to the crew and the basin.  Everyone must be alert throughout the job not only 
from a safety standpoint but from an execution standpoint as well.  When the sweep stage 
enters the wellbore the hydrostatic head will be greatly reduced due to the change in 
slurry density.  This loss of hydrostatic (as seen in Figure 5.2) will result in an increase in 
the surface treating pressure and may have to be accounted for by a drop in pump rate to 
avoid exceeding the maximum specified treating pressure.  Even though the pumps are 
set to go offline at a certain treating pressure, one must pay close attention to the treating 
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pressure when the sweep enters the wellbore so the pumps can be manually shut down in 
case of a mechanical failure.  Alertness is also necessary to execute and complete the job 
as designed.  The sand must be shut off and turned back on up to four or five times in the 
sweep stage jobs (Table 5.3) and concentration may be increased up to ten times 
throughout a ramp and sweep design (Table 5.12).  The frac crew must be aware of the 
particular design prior to the treatment so they know what to expect and increase the 
chance of executing the job as designed.   
 It must also be noted that the success of a hydraulic fracture and the analysis of 
the treatment is sometimes jeopardized by mechanical failure.  Mechanical failure can 
often be avoided by pre-treatment inspection but is sometimes unavoidable when it 
happens for no apparent reason or is a function of the weather conditions.  Analyzing and 
comparing a treatment that experienced many pump truck and rate problems to offset 
well jobs can often be useless.  However, this is “real life” data and things do go wrong 
and often fail in such circumstances.  The EnCana Oil and Gas (USA) SHB 23-33 ramp 
and sweep treatments along with the SHB 26-33 conventional slickwater treatments all 
experienced significant difficulties with achieving the designed pump rates.  These 
difficulties were the result of either mechanical failure or extreme weather conditions. 
Net pressures most often will spike when rate is dropped abruptly.  This can be 
seen on many of the EnCana (USA) well net pressure plots shown in Section 5.3 and 
Appendix B.  Analysis of the treatment results can be difficult when the designed rate is 
not achieved and/or the well screens out because of the rate problems.  Staged treatments 
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with multiple entry points like the SHB 23-33 and SHB 26-33 are complicated to analyze 
individually without considering rate problems.  It is a very dynamic process downhole at 
the perforations and one entry point’s behavior may mask the other entry points’ 
behaviors and dominate the data.  Overall, the Kerr-McGee wells have a much cleaner 
data set with which to work.  This is most likely due to the fact that they are single zone 
and single entry point treatments.  A flat and constant pump rate was almost always 
obtained which makes net pressure analysis much more straightforward.  The Kerr-
McGee sweep stage and ramp and sweep jobs are the only wells for which production 
data is available.  EnCana (USA)’s SHB 23-33 (eleven total stages) and SHB 26-33 (nine 
total stages) wells are not fully completed at the present time due to a postponed start 
date.  Only the first seven stages from each of these Jonah field wells are included in the 
net pressure analysis. 
 
6.2 Net Pressure Analysis 
 This project’s initial hypothesis was that adding clean fluid stages in between 
sand laden stages will erode proppant from the proppant mound which will clear out any 
pinchouts, result in a larger proppant transport channel, allow continued lateral proppant 
transport, and relieve net treating pressures to allow fracture extension instead of height 
growth and/or a screen out (sweep stage design).  Also, ramping the sand laden stages 
very quickly may build the proppant mound faster and allow proppant transport to begin 
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within a shorter amount of time (ramp and sweep design).  Both of these theories are 
fully explained in Section 4.3. 
Water and sand were pumped between two plexiglass plates in the STIM-LAB 
experiments.  Observations from these trials are explained and presented in Chapter 3.3.  
These experiments depicted the behavior of the sand as it fell from suspension and built a 
proppant mound as soon as it entered the fracture.  The proppant mound continued to 
accumulate until the gap between the top of the mound and the top of the fracture and the 
velocity within this gap reached a critical value.  At the critical velocity a “traction 
carpet” appears and enables the transport of proppant out into the fracture.  Proppant 
transport does not begin until the traction carpet appears.  Clean fluid was then pumped 
over the proppant mound in the STIM-LAB experiments at the same rate as the sand 
laden fluid.  The clean fluid or “sweep stage” eroded sand from the front of the mound 
and eventually from the top of the mound until a new equilibrium gap height was 
achieved.  This clean fluid stage in the experiment represents a sweep stage in a 
slickwater hydraulic fracture treatment.   
Chapter 4.3 discusses how leak-off will occur in an actual hydraulic fracture and 
that a pinchout (Figure 4.19) may develop due to a leak-off dependent decrease in fluid 
velocity.  This will cause the proppant transport channel height (Figure 4.2) to decrease 
and may inhibit the transport of proppant and/or build net pressure which may lead to 
unrestricted height growth (Figure 5.4) or a premature screen out.  Excessive height 
growth would not be as beneficial as fracture extension in that the fracture would not 
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have as much reservoir contact in the excessive height growth scenario.  A premature 
screen out would also be unfavorable because the job would not have placed the designed 
volume of sand and shorter propped fracture half-lengths would be the result.  Both the 
excessive height growth and pre-mature screen out scenarios lead to poorer production 
when compared to consistent fracture extension in the lateral direction and an achieved 
propped half-length similar to that of the design.  Incorporating a sweep stage design is 
likely to erode sand from the proppant mound and allow the continuation of proppant 
transport at lower net pressures.   
The STIM-LAB experiments also showed that when height growth does occur the 
sand tends to fill up the part of the fracture below the perforated area before building a 
mound and allowing proppant transport to begin (Section 4.3).  Ramping the sand 
concentration in a slickwater treatment quickly will fill this bottom portion of the fracture 
up quicker and allow transport to start sooner.  Adding sweeps to the ramp design will 
assure no pinchouts inhibit the lateral transport of proppant and extension of the fracture. 
The Nolte plot shown in Figure 5.4 allows a fracture treatment’s net pressure plot 
to be analyzed and different fracture growth scenarios to be identified.  This was done 
with the net pressure plots from the Kerr-McGee and EnCana (USA) field test slickwater 
jobs to see how the sweep stages and ramp stages affected the fracture growth or net 
pressure in general.  It can be seen in the Webber 17-3, Moser 16-4, and Dechant 13-1, 
Karre 20-15, and Skyway 6-11 (Figures 5.3, 5.6, 5.8, 5.10, and 5.12) that the net pressure 
decreases every time a sweep stage hits the formation.  It is noted in Section 5.2 that the 
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Webber 17-3 had significant leak-off during the step down analysis.  According to Kerr-
McGee personnel this is uncommon in the Codell formation and also tends to be an 
indication of a poor producer.  Because of this, the Webber 17-3 will not be used in the 
final conclusions.  It is very apparent, however, in the other four wells (Moser 16-4, 
Dechant 13-1, Karre 20-15, and Skyway 6-11) treatments that the sweep stages did in fact 
lower the net pressure when they reached bottom.  The Webber 17-3, Moder 16-4, and 
Dechant 13-1 sweep stage jobs all also exhibit examples of the sweep stages lowering 
surface treating pressure.  The treating pressure is less at the end of the sweep than it was 
before the sweep started.  This can be seen in Figures 5.2, 5.5, and 5.7.   
Reduction in treating pressure and net pressure during the sweep may lead to the 
conclusion that proppant was eroded from the front and top of the mound allowing a 
larger proppant transport channel and resulting lower net pressures.  It must be mentioned 
that not one of the Karre 20-15 offsets has ever successfully pumped 115,000 lbs. sand or 
more into the formation.  They all have lower designed sand volumes, rates, and 
concentrations just to successfully pump the entire treatment.  These smaller designs still 
often exceed maximum treating pressure and screen out.  The Karre 20-15, however, did 
place 115,000 lbs, of sand in the formation while ramping from 0.5 to 2.0 ppg (Figure 
5.9).  Rate had to be decreased throughout the job, but maximum treating pressure was 
never exceeded.   
It was also mentioned in Section 5.2 that Kerr-McGee often will pump an 
unplanned spacer in a Codell slickwater frac when the surface treating pressure begins to 
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climb abruptly.  Figure B.13 shows an unplanned spacer encountering the Cannon 14-3 
perfs and lowering the net pressure very similar to the planned sweep stages in the field 
trials.  One advantage of the planned sweep stages is there is no risk of starting the 
unplanned spacer too late and screening the well out before it reaches bottom.  An 
example of this is shown in Figure B.33 (Dejong 3-24).  The spacer was pumped too late 
and the job screened out while the spacer was in the wellbore.  The decreases seen in net 
pressures as a result of the planned sweep stages are quite small yet effective.  Even 
though it appears that they have done their function by allowing the job to be completed 
without screening out or dropping rate, it would be interesting to try sweeps two to three 
times the volume as the sweeps used in this analysis and see if that makes any difference 
in the size of the net pressure decrease. 
The Kerr-McGee net pressure plots are also good examples of identifying fracture 
growth “modes”.  It is obvious in the Moser 16-4 sweep stage job (Figure 5.6) that the 
fracture begins in Mode II where a stable, penny-shaped frac is growing.  Almost sixty 
minutes into the job the slope becomes positive and enters Mode I; confined and 
restricted fracture extension.  Two out of the three chosen offsets to the Moser 16-4 that 
were completed with Kerr-McGee’s conventional slickwater design show similar net 
pressure behavior (Figures B.12 and B.13).  The third offset, however, shows unstable 
height growth (Mode IV) throughout most of the job, experiencing a short period of 
fracture extension, and ultimately entering the growth restriction or screen out mode 
(Mode III) (Figure B.14).   
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The Dechant 13-1 (Figure 5.8) sweep stage slickwater may show slight height 
growth at the beginning of the job but quickly enters the confined fracture extension 
mode for the remainder of the job.  However, all three of the Dechant 13-1 offsets behave 
quite differently.  The Alvin 12-1 (Figure B.22) shows radial growth and fracture 
extension throughout the entire conventional slickwater job.  The Dechant 14-1 net 
pressure (Figure B.23) enters the screen out mode once the 1.0 ppg sand stage hits 
bottom.  An increase in treating pressure also occurs when the 2.0 ppg stage hits bottom 
and results in a manual decrease in pump rate to avoid exceeding maximum treating 
pressure.  This results in a very steep net pressure slope.  It is also apparent in Figure 
B.24 that the Dechant 11-1 is initially in the unstable height growth mode and 
immediately enters the screen out mode when the 1.25 ppg stage hits the perfs.  This may 
be further proof that the sweep stages in the Dechant 13-1 sweep stage slickwater job 
eroded sand from the front and top of the proppant mound and allowed continued 
transport across the top of the mound.  This relieved net pressure in the fracture and 
avoided vertical height growth and a screen out. 
The Karre 20-15 (Figure 5.10) job begins in the radial growth mode and enters the 
confined fracture extension mode when the first sweep stage hits.  It enters the screen out 
mode toward the end of the job as rate is decreased to avoid maximum treating pressure.  
The entire job was still pumped away as the sweep stages lowered net pressure when they 
hit the perforations.  Both of the Karre 20-15 offsets (Figures B.32 and B.33) enter the 
screen out mode as soon as the 0.5 ppg sand laden stages hit bottom.   
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The Skyway 6-11 net pressure plot (Figure 5.12) shows the ramp and sweep 
slickwater treatment in the radial growth mode throughout the entire frac.  It appears that 
a much larger decrease in net pressure occurs when the sweeps hit the perforations in this 
design than in the sweep only designs.  Both offsets to the Skyway 6-11 appear to be in 
the radial and fracture extension modes throughout their respective conventional 
slickwater jobs.  Increases in net pressure are observed, however, when sand stages reach 
the formation.   
The first seven stages of the EnCana SHB 23-33 ramp and sweep slickwater 
design net pressure plots show similar behavior to the Kerr-McGee wells as far as sweeps 
are concerned.  Stages #1, #2, #3, and #5 all show a distinct decrease in net pressure 
when the sweep stage hits the perforated interval (Figures 5.14, 5.16, 5.18, and 5.22).  
Like the Kerr-McGee wells this may be an indication of the sweep stage eroding 
proppant from the accumulated mound and creating a larger proppant transport channel.  
It is surprising that these decreases can be seen since the multiple entry point process is 
so complex.  Larger sweeps, in this case, may result in more of a net pressure response.  
Stages #4, #6, and #7 were either experiencing rate issues when the sweep hit or the net 
pressure behavior was such that no conclusions could be made.   
Maintaining the designed pump rate is crucial to any slickwater treatment.  Rate 
needs to be maintained not only to keep the perforations from plugging up with sand but 
to keep the proppant transport channel open to transport sand out into the fracture 
(Figures 4.4 and 4.5).  If rate is not sustained, it can possibly lead to losing perfs and/or 
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reducing the flow rate within the proppant transport channel and increasing the chance of 
bridging or pinching out.  Both these scenarios will build net pressure and ultimately 
cause fracture height growth or a screen out.  The SHB 23-33 Stage #2 is a good example 
of how the sweep stage helps avoid screening the well out while still maintaining a 
constant pump rate.  It can be seen in Figure 5.16 that the net pressure increases 
drastically during the first 2.0 ppg stage.  The sweep stage hits the formation and the net 
pressure decreases and allows the remainder of the job to be pumped without decreasing 
pump rate.  This is another reason to believe the sweep stages do erode proppant from the 
accumulated mound within the fracture, relieves the net pressure buildup, and allows the 
rest of the job to take place. 
It can also be seen by comparing the SHB 23-33 net pressure plots to the offset 
SHB 26-33 net pressure plots that more height growth (Mode IV) appears to be occurring 
in general during the first concentration ramp on the SHB 23-33 jobs.  This is obvious 
from the negative slope on the SHB 23-33 net pressure plots throughout roughly the first 
half of the ramp and sweep treatments.  This can especially be seen on the SHB 23-33 
Stage #5 net pressure plot (Figure 5.22).  This apparent height growth even continues 
after the sweep and during the second ramp of the design.  This may be a function of 
ramping too quickly, bridging or pinching off the proppant transport channel, building net 
pressure, and eventually relieving that net pressure by breaking into vertical height 
growth mode.  Smaller ramps and more sweep stages (similar to the Kerr-McGee Skyway 
6-11) may be more beneficial in this case so each ramp is not increased to 2.0 ppg so 
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quickly.  There will obviously be height growth during all fracture treatments conducted 
on laminated sands through multiple entry points.  The frac might tend to grow in the 
vertical direction from each entry point and then extend laterally.  But the net pressure 
plots should ideally show fracture extension (Mode I) sometime during the job. 
Another interesting observation made from the SHB 23-33 ramp and sweep wells 
was that there was usually a drop in rate (either manually or mechanically) that made the 
net pressure abruptly increase sometime during the job.  The SHB 23-33, however, did 
not experience any more pump problems than did the SHB 26-33, and this behavior is not 
seen as frequently on the SHB 26-33 conventional slickwater jobs.  The SHB 23-33’s 
increased sensitivity to pump rate may be caused by the quickness of the ramped sand 
concentration.  The bi-power law sensitivity graph in Figures 4.5 and 4.6 shows how 
higher sand concentrations decrease the proppant transport channel height and may cause 
an increased chance of bridging or pinchouts.  It may be that more sweeps are needed 
throughout the ramps to provide a large enough proppant transport channel that will pass 
the high concentrations of sand.  
The SHB 26-33 conventional slickwater net pressure plots do not show as much 
height growth as does the SHB 23-33.  The fracture extension mode is also rarely seen in 
the SHB 26-33 conventional jobs.  However, radial or penny shape growth (Mode II) is 
often seen throughout the SHB 26-33 net pressure plots.  An example of this can be seen 
in Figure 5.27 (SHB 26-33 Stage #1).  This is probably more favorable than the vertical 
height growth regime that is seen in the SHB 23-33 plots because there is at least some 
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fracture extension occurring in addition to height growth.  The height growth seen in the 
SHB 23-33 fracs was exactly what was trying to be mitigated by incorporating a sweep 
into the design.  Again, adding more sweep stages to the ramp design may have avoided 
the buildup of net pressure and the vertical height growth. 
It is very apparent on all the EnCana (USA) treatment net pressure plots when the 
job was entering the screen out mode (Mode III).  All the SHB 26-33 conventional 
treatments tend to enter the screen out regime when the 1.25 ppg sand laden stage hits the 
perforations.  A good example of this can be seen in the SHB 26-33 Stage #7 
conventional slickwater job (Figure 5.32).  It is also apparent when the SHB 23-33 ramp 
and sweep jobs enter the screen out regime.  The net pressure increases, and the well 
begins screening out when the 1.75 ppg sand hits the perfs.  This can be seen on the SHB 
23-33 Stage #3 net pressure plot (Figure 5.18).  This is a 0.5 ppg higher concentration 
than when the SHB 26-33 job began to screen out and may make a big difference in the 
fracture conductivity and ultimately the productivity of the fracture.  The sweep stage in 
the ramp and sweep design of the SHB 23-33 fracs may have aided in clearing and 
eroding proppant from the perforations, the near wellbore area, and the proppant transport 
channel, and allowed higher sand concentrations to be pumped before screening out. 
The pump rate obviously has a great deal to do with pumping these multiple entry 
point jobs to completion.  The SHB 23-33 and the SHB 26-33 slickwater treatments both 
experienced quite a bit of pump rate changes and issues throughout the jobs.  These pump 
rate changes were due to both manually decreasing the rate as maximum treating pressure 
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was approached and mechanical failure of the pumps themselves.  Due to the amount of 
pump rate changes throughout most of the conventional and ramp and sweep slickwater 
jobs, it is very difficult, if not impossible, to make solid conclusions from these test fracs 
alone.  
As stated earlier, the reason why the SHB 23-33 ramp and sweep treatments 
experienced more height growth was most likely due to ramping the sand concentration 
too quickly.  As seen in Figures 4.5 and 4.6, the higher the sand concentration the smaller 
the proppant transport channel.  This proppant transport channel may have become too 
small or even pinched out during these quickly ramping designs and cause higher net 
pressures that induced height growth.  Applying sweep only slickwater designs, where 
sweeps are pumped only after each increase in sand concentration, may result in easier 
pumping conditions and more favorable fracture growth characteristics.  Another 
possibility is the ramp and sweep similar to the Skyway 6-11 where each ramp is not 
increased to 2.0 ppg.  These alternate designs may not put so much sand in the perfs so 
quickly, thereby reducing net pressures within the fracture and allowing fracture 
extension rather than height growth. 
 
6.3 Production 
 The gas production from the Kerr-McGee field test slickwater fracture treatments 
were compared to the three closest conventional slickwater completed offsets.  Both the 
initial production values (IP’s) and the thirty day cumulative production are analyzed.  As 
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noted earlier, no production data is available from the EnCana (USA) ramp and sweep 
slickwater treatments.   
 The Kerr-McGee sweep stage and ramp and sweep slickwater test wells’ initial 
production rates are shown in Figures 6.1 – 6.2.  The test well values are compared to the 
individual offset values as well as the average offset values.  It can be seen that the 
majority of the test wells initially produced at higher rates than each of their individual 
offsets.  The only exceptions to this are the Webber 17-3 and the Moser 16-4.  The 
Webber 17-3 was the well that experienced a large amount of leak-off during the frac job.  
Wells with large leak-off values do not tend to produce very well in the DJ Basin, 
according to Kerr-McGee personnel.  The only other exception is the Moser 16-4, whose 
IP was lower than only one offset.  The Moser 16-4 IP, however, is double the value of 
its two remaining offsets.  It can also be seen that each test well (with the exception of the 
Webber 17-3) has a higher IP than the average IP of their offsets.  These differences are 
presented in Table 6.1 where the test well IP’s are compared to their average offset IP’s 
and given in percentages.  The average Kerr-McGee test well IP is 174% of its average 



























Kerr-McGee Test Well IP   
Test Well Offsets IP
Offset Average IP
Webber 17-3 Dechant 13-1Moser 16-4
 
Figure 6.1:  Webber 17-3, Moser 16-4, and Dechant 13-1 test well and offset initial 
production values.  Red indicates the test well IP, green indicates each individual offset 
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Figure 6.2:  Karre 20-15 and Skyway 6-11 test well and offset initial production values.  
Red indicates the test well IP, green indicates each individual offset IP, and blue indicates 






Table 6.1: Kerr-McGee Test Well IP’s Compared to Average Offset IP’s (Percentage) 
 Webber 17-3 Moser 16-4 Dechant 13-1 Karre 20-15 Skyway 6-11 









 The Webber 17-3, Moser 16-4, and Dechant 13-1 thirty-day cumulative gas 
production is shown in Figure 6.3 along with each individual offset thirty-day cumulative 
and an average offset cumulative.  The Karre 20-15 twenty-five day cumulative 
production and the Skyway 6-11 eighteen-day cumulative production can be seen in 
Figure 6.4 with their individual offset and average offset data taken for the same 
respective time frames.  Each Kerr-McGee test well has larger cumulative gas production 
values than their individual offsets, with the exception of the Webber 17-3.  This is 
shown numerically in Table 6.2 where the test wells values are compared to the average 
offset values in percentage form.  The average Kerr-McGee test well cumulative gas 
production is on average 143% higher than the average offset cumulative values when the 
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Webber 17-3 Dechant 13-1Moser 16-4
 
Figure 6.3:  Webber 17-3, Moser 16-4, and Dechant 13-1 test well and offset thirty day 
cumulative gas production.  Red indicates the test well cumulatives, green indicates each 
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Offset Average Cum
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Figure 6.4:  Karre 20-15 and Skyway 6-11 test well and offset cumulative gas production.  
The Karre 20-15 had only twenty-five days of production and the Skyway 6-11 had only 
eighteen days of production at the time of this publication.  The same time period of 
cumulative production is then used for the offsets.  Red indicates the test well 
cumulatives, green indicates each individual offset cumulatives, and blue indicates the 





Table 6.2:  Kerr-McGee Test Well Cumulative Production Compared to Average Offset 
Cumulative Production (Percentage) 
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The fact that sweep stage slickwater and ramp and sweep slickwater jobs result in 
higher IP’s and larger cumulative production values than their offsets offers further proof 
that longer propped fracture half-lengths and more favorable conductivities are likely 
being generated by the sweep stage treatments.  The sweeps also may have cleared away 
possible pinchouts or bridges in the proppant transport channel and allowed the fracture 
to continue to extend laterally and not vertically by relieving net pressure within the 
fracture.  The sweeps enabled the Karre 20-15 job to place the entire designed sand 
volume (115, 000 lbs.) into the formation at safe treating pressures without screening the 
well out.  The Karre 20-15 offsets were unable to do this and were only able to place 
small amounts of sand in the formation, resulting in apparent poor conductivity and 
production.  The sweeps in the ramp and sweep design performed on the Skyway 6-11 
also appear to have lengthened proppant fracture half-lengths and improved production.  
The ramp stages in this design may have built the proppant mound faster and allowed the 
traction carpet to appear and proppant transport to begin.  This would lead to longer 
propped fracture half-lengths, higher conductivity, and better production.   
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CHAPTER 7:  CONCLUSIONS AND FUTURE WORK 
 
 Chapter 7 focuses on conclusions drawn from the STIM-LAB experiment 
observations, power and bi-power law sensitivity analysis, and the experimental field 
slickwater treatments and subsequent results.  Possible future work is also expressed. 
 
7.1 Conclusions 
Project objectives are re-stated followed by their corresponding conclusions: 
• Use power and bi-power law equations resulting from previous laboratory 
experiments to simulate different slickwater treatment scenarios.  Observations 
from these experiments along with the simulations are used to predict what the 
resulting proppant mound may look like in a slickwater hydraulic fracture and 
how it is affected by pumping techniques. 
o If any initial height growth does occur, quickly ramping the sand 
concentration appears to fill the bottom portion of the fracture up to the 
perforation level. Based on observations from the STIM-LAB 
experiments, this allowed a proppant mound to be built and proppant 
transport to begin in less time and with less fluid than a conventional 
slickwater treatment.  
o From the STIM-LAB trial observations, it can be concluded that a 
proppant mound does accumulate and a traction carpet appears which 
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allows proppant transport down the fracture. These observations were 
tested in the experimental field trials. 
• Show the sensitivity of certain variables on proppant mound growth.  These 
variables include:  fluid density, proppant density, proppant diameter, fluid 
viscosity, fracture width, fluid flow rate, and proppant concentration. 
o The power law sensitivity analysis along with the STIM-LAB trial 
observations reveal that clean fluid stages do erode proppant from the 
proppant mound and increase the clean fluid zone height.   
o The bi-power law sensitivity analysis reveals that the proppant transport 
channel height (and propped fracture half-length) depends largely on 
fluid viscosity.  Pump rate does not affect the proppant transport channel 
height as much as viscosity. 
o Both the power and bi-power laws show that lower sand concentration, 
smaller diameter proppant, and larger fracture widths result in larger 
clean fluid zone and proppant transport channel heights. 
• Evaluate the results of field trials that implement experimental slickwater pump 
schedules and designs.  These experimental treatments were designed from 
STIM-LAB experiment observations and power and bi-power law sensitivity 
analysis.  A total of twelve experimental slickwater treatments were performed 
on six different wells in two separate basins.  The net pressure behavior and 
fracture growth characteristics for each treatment are compared to offset fracture 
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data.  Initial production rates and thirty-day cumulative gas production are also 
compared between experimental wells and offsets completed in a conventional 
slickwater manner. 
o Sweep stages pumped throughout a slickwater hydraulic fracture 
treatment decrease the possibility of screening out and allow larger 
amounts of sand to be placed in the formation. This knowledge can help 
to modify treatment designs and determine appropriate sand volumes. 
o Sweep stage slickwater jobs resulted in higher initial production rates 
and early cumulative gas production values in four of five newly drilled 
wells in the DJ basin perforated in the Codell formation.  This is most 
likely due to the clean fluid stages eroding proppant from the proppant 
mound and carrying the proppant further out into the fracture, thus 
creating longer propped fracture half-lengths and better fracture 
conductivity.   
o Field sweep stages resulted in a decrease in net pressure once having 
reached the perforations and formation face.  This is likely due to eroding 
proppant from the proppant mound and clearing pinchouts or bridging 
that occurs in the proppant transport channel or near wellbore region.  
Such erosion may relieve net pressure within the fracture, consequently 
allowing for fracture extension and lessening unstable vertical growth. 
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o At times, sweep stages will reduce surface treating pressure from the 
time the sweep enters the wellbore to the time the entire sweep enters the 
fracture.  This allows the job to be continued at constant rates without 
exceeding maximum treating pressure. 
o Sweep stages postponed screenout from beginning at 1.25 ppg to 1.75 
ppg in multiple entry point slickwater treatments in the Jonah Field, 
Green River basin. 
o Ramping the sand concentration too quickly, without enough sweep 
stages in multiple entry point treatments, appears to decrease the height 
of the proppant transport channel, possibly making pinchouts and high 
net pressures within the fracture that result in vertical height growth.  
Field trials coincide with bi-power law sensitivity analysis on this point. 
 
7.2:  Future Work 
 Possible future work and recommendations suggested by the results of this thesis 
work include: 
• Additional ramp and sweep slickwater treatments should be performed in the DJ 
basin.  IP’s and thirty-day cumulative gas production should be compared for 
these additional ramp and sweep designs to make sure they are consistent with 
conclusions drawn from this project.   
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• Conventional, sweep stage, and ramp and sweep slickwater six-month cumulative 
gas production values should also be compared to verify improved long term 
production.  Additionally, pressure transient analysis could be performed to 
determine if the “effective” fracture half-length is longer in the experimental 
treatment wells. 
• The SHB 23-33 ramp and sweep initial production rates, thirty-day, and six-
month cumulative gas production should be compared to the SHB 26-33 
conventional slickwater values to determine any improved production. 
• Additional sweep stages should be incorporated into the current ramp and sweep 
design and tested in the Jonah Field, Green River basin.  This may help place all 
the designed sand without exceeding maximum treating pressure, especially with 
the rate problems that may be encountered. 
• Sweep stage slickwater designs should be field tested in the Jonah Field (Green 
River basin) to see if similar results appear as with the Kerr-McGee (DJ basin) 
field trials. 
• Work should be done to optimize the sweep stage size.  For instance, is bigger 
better?  Or is there a sweep stage volume that is optimal and anything larger is a 
waste of time and money?  This may be geologic and basin specific and rely 
heavily on formation characteristics. 
• How fast and how quickly should the sand concentration be increased in the ramp 
stages of the ramp and sweep designs?  Too fast may result in vertical height 
 174
growth.  Too slow may not do any better than conventional slickwater treatments.  
This also may be geologic and basin specific and rely heavily on formation 
characteristics. 
• Sweep stage and ramp and sweep slickwater treatments should be field tested in 
multiple low-permeability basins to determine if they behave the same in all 
basins. 
• It is also important to be able to model and simulate sweep stage and ramp and 
sweep designs. Current fracture simulators should be modified to correctly model 
proppant transport in low-viscosity fluids.  Fracturing software should also be 
modified to take into account sweep stage and erosion behavior. 
• Propped fracture half-lengths should be modeled in a fracture simulator for both 
sweep stage slickwater treatments and ramp and sweep slickwater treatments.  A 
sensitivity analysis could be performed on these simulations to discover how 
treatment parameters affect the propped half-length value. 
• Additional trial slickwater treatments should be performed to see what effects 
proppant diameter, fluid viscosity, and proppant and fluid specific weights have 
on treatment behavior and production results.   
• Additional laboratory experiments should be performed at field scale pump rates 
to verify STIM-LAB’s results and the power and bi-power laws hold true at 
higher rates.   
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• It may be beneficial to analyze leak-off and attempt to discover how it affects the 
proppant transport channel height and clean fluid zone height, perhaps in a 





a = Coefficient, f(RG) 
c1 = Coefficient, f(RG) 
c2 = Coefficient, f(RG) 
d = Average Proppant Diameter 
FCD = Dimensionless Fracture Conductivity 
g = Gravitational Constant 
H = Clean Fluid Zone Height, H1=H2 (Case 1) 
H1 = Proppant Transport Channel Height (Sum of Clean Fluid and Mobile Bed 
Zones (Case 2) 
 
H2 = Height of Clean Fluid Zone (Case 2) 
hf = Formation Thickness 
ISIP = Initial Shut-In Pressure 
ISDP = Initial Shut Down Pressure 
k = Permeability of Formation, mD 
kf = Fracture Permeability, mD 
m = Coefficient, f(RG) 
m1 = Coefficient, f(RG) 
m2 = Coefficient, f(RG) 
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n1 = Coefficient, f(RG) 
n2 = Coefficient, f(RG) 
Pnet = Net Pressure (psi) 
Pfracture = Fracturing Pressure (psi) 
Pclosure = Fracture Closure Pressure (psi) 
Qf = Fluid Flow Rate 
Qp = Proppant Flow Rate 
Rf = Fluid Reynolds Number 
RG = Gravity Reynolds Number 
Rp = Proppant Reynolds Number 
Rq = Critical Reynolds Number 
V = Clean Fluid Velocity 
W = Width of Fracture (power and bi-power laws) 
w = Width of Fracture, ft (Chapter 2) 
Xf = fracture half-length, ft (effective) 
η = Fluid Viscosity 
ρf = Fluid Density 
ρp = Proppant Density 
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APPENDIX B:  EXPERIMENTAL WELL  
OFFSET FRACTURE DATA 
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